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 Abstract
Molecular  biological  methods  were  used  to  characterize  cyanobacteria  in  order  to 
distinguish toxin producers from nonproducers. The molecular tools applied included the 
repeated heptamer sequence, which was used as a probe in hybridizations, a microcystin 
synthetase probe and primers, and peptide synthetase probes and primers. The repeated 
sequence, previously found in the genomes of filamentous cyanobacteria, was shown here 
to be inserted at many chromosomal locations in several copies of Anabaena strains from 
Finland. The distribution of the inserts clearly differentiated the microcystin- and anatoxin-
a-producing Anabaena strains.
The primers and a probe based on the microcystin synthetase gene (mcyB) of Microcystis 
aeruginosa detected microcystin-producing strains in species of Anabaena, Microcystis, 
Nodularia, Nostoc and Oscillatoria/Planktothrix. A search for the genes of nonribosomal 
peptide synthetases with PCR showed that, in addition to microcystin synthetase genes, 
other peptide synthetase genes were frequently present in cyanobacteria. 
To characterize the peptide synthetases of Anabaena 90, which produces two other types 
of cyclic peptide (anabaenopeptilides and anabaenopeptins) in addition to the microcystins, 
a gene library of Anabaena 90 was compiled. Two large gene clusters, 30 kb and 55 kb, 
for the biosynthesis of the anabaenopeptilides and microcystins, respectively, were cloned 
and sequenced. A mutant not producing anabaenopeptilides was produced by insertional 
mutagenesis.  Anabaenopeptilide  synthetase  consists  of  three  nonribosomal  peptide 
synthetases (ApdA, ApdB and ApdD), one halogenase (ApdC), a methyltransferase (ApdE), 
a reductase (ApdF) and catalyzes the biosynthesis of the two anabaenopeptilides (A and B) 
in Anabaena 90. 
Microcystin is composed of polyketide and peptide parts. Nine genes putatively code for 
the biosynthesis of microcystins in Anabaena 90. The genes mcyD, mcyG and mcyE code 
for the synthesis of Adda (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic 
acid), while mcyE also codes for the activation of glutamic acid and the joining of it to Adda. 
The peptide synthetase genes (mcyA, mcyB, mcyC) code for the synthesis of the pentapeptide 
part. The tailoring functions are coded for by mcyF, mcyI and mcyJ. McyH is possibly 
involved  in  the  transport  of  microcystin. The  sequences  of  the  microcystin  synthetase 
genes provide tools for detection of potential microcystin-producers by conventional and 
quantitative PCR and with a microarray. 6 7
Tiivistelmä (Abstract in Finnish)
Syanobakteerit muodostavat kesäisin haitallisia massaesiintymiä makeissa vesissä ja 
murtovesissä maapallon eri puolilla. Anabaena, Microcystis ja Planktothrix ovat yleisimmin 
maksamyrkyllisiä (mikrokystiinejä sisältäviä) massaesiintymiä muodostavat suvut makeissa 
vesissä. Murtovesissä Nodularia spumigena tuottaa mikrokystiinien kaltaista nodulariinia. 
Mikrokystiinit  ja  nodulariinit  ovat  rengasmaisia  peptidejä,  jotka  inhiboivat  tumallisten 
solujen proteiinifosfataaseja (tyyppejä 1 ja 2A). Rakenteeltaan mikrokystiinit ja nodulariinit 
ovat hyvin samanlaisia: mikrokystiinit muodostuvat seitsemästä ja nodulariinit viidestä 
aminohaposta. Syanobakteerit tuottavat myös monia muita bioaktiivisia rengasmaisia ja 
suoraketjuisia peptidejä, esim. seriiniproteaasi-inhibiittoreita. Tyypillistä näille peptideille 
on, että niiden aminohapot poikkeavat tavallisista proteiineissa essiintyvistä aminohapoista. 
Lisäksi ne muodostavat useiden, rakenteellisesti samankaltaisten peptidien ryhmiä. Siksi 
voidaan  olettaa,  että  useat  niistä  valmistetaan  ei-ribosomaalisesti  suurien  entsyymien, 
peptidisyntetaasien avulla. 
Myrkyllisiä  että  myrkyttömiä  syanobakteereita  ei  voida  erottaa  toisistaan  ulkoisten, 
morfologisten  ominaisuuksien  perusteella.  Koska  myrkyllisyys  johtuu  geneettisistä 
tekijöistä, tässä työssä on tutkittu geneettisten menetelmien käyttöä myrkkyjä tuottavien 
ja  tuottamattomien  syanobakeerien  erottamiseksi  sekä  mikrokystiinejä  ja  muita  ei-
ribosomaalisia peptidejä tuottavien syanobakterien tunnistamiseksi. Syanobakteerien DNA:
n toistojakson avulla osoitettiin, että neurotoksisten ja mikrokystiiniä tuottavien Anabaena-
kantojen välillä on selvästi tunnistettavia geneettisiä eroja. Mikrokystiinin tuottajat pystyttiin 
osoittamaan koettimella hybridisaatiossa sekä alukkeilla polymeraasiketjureaktiossa (PCR). 
Lisäksi tietyt koettimet ja yleiset alukkeet tunnistivat syanobakteerikannat, jotka tuottivat 
muita ei-ribosomaalisia peptidejä.
Syanobakteerit voivat tuottaa samanaikaisesti useampia ei-ribosomaalisia, bioaktiivisia 
peptidejä.  Tutkimuksessa  käyetty  Anabaena  90  tuottaa  mikrokystiinien  ohella 
kahdenlaisia  rengasrakenteisia  peptidejä,  anabaenopeptilidejä  sekä  anabaenopeptinejä. 
Tässä  työssä  selvitettiin  Anabaena  90-kannasta  mikrokystiinien  ja  anabaenopeptilidien 
biosynteesigeenit.  Anabaena  90:n  geenikirjastosta  sekvensoitiin  ja  analysoitiin  kaksi 
suurta  DNA  jaksoa.  Ensimmäisen  alueen  (39  kiloemäsparia)  seitsemän  geeniä,  apdA-
apdF, koodaa anabaenopeptilidien A ja B, biosynteesiä. Geenit apdA, apdBja apdD ovat 
pepidisyntetaaseja koodaavia geenejä, ja apdF koodaa oletettavasti oksido-reduktaasia, joka 
tarvitaan aminohydroksipiperidonin (Ahp) muodostumiseksi. Ahp on rengasmainen yhdiste, 
joka on tyypillinen peptidiperheelle, johon anabaenopeptilidit A ja B kuuluvat. Geeni apdC 
koodaa halogenaasientsyymiä, joka liittää kloorin peptidissä olevaan tyrosiiniin (muodostuu 
anabaenopeptilidi  B).  apdE  koodaa  entsyymiä,  joka  lisää  metyylirymän  tyrosiiniin 
(anabaenopeptilidi A). Tässä työssä Anabaena 90:stä löydetty apdC-geeni on ensimmäinen 
syanobakteereista  tunnistettu  halogenaasigeeni.  Sekvenssianalyysin  perusteella  näytti 
erittäin  todennäköiseltä,  että  apd-geenirymä  vastaa  anabaenopeptilidien  biosynteesistä, 
mikä todennettiin mutaation avulla. Saatu mutantti ei tuottanut anabaenopeptilidejä, mutta 
tuotti edelleen mikrokystiinejä ja anabaenopeptinejä. Tämä osoittaa että anabaenopeptilidit 
eivät ole välttämättömiä, tai mutatoitu Anabaena 90 tuottaa edelleen korvaavia yhdisteitä.
Mikrokystiinien biosynteesigeeneistä (55 kiloemäsparia) kolme, mcyA, mcyB ja mcyC, 
koodaavat pepidisyntetaaseja, jotka katalysoivat viiden aminohapon aktivoinnin ja liittämisen 
peptidiin sekä lopullisen renkaan muodostuksen. Geeni mcyD koodaa polyketidisyntaasia, 
kun taas mcyG ja mcyE koodaavat peptidisyntetaasien ja polyketidisyntaasien yhdistelmiä, 
jotka yhdessä vastaavat mikrokystiineille ja nodulariineille tyypillisen aminohapon, Adda:8 9
n (3-amino-9-metoksi-2,6,8-trimetyyli-10-fenyylideka-4,6-dieeinihappo) biosynteesistä ja 
liittämisestä peptidiketjuun. Kolme geeniä, mcyF, mcyI and mcyJ, koodaa mikrokystiinin 
muokkausta biosynteesissä. 
Tässä  työssä  selvitettyjä  biosynteettisten  geenien  sekvenssejä  voidaan  hyödyntää 
tavallisessa ja kvantitativisessa PCR:ssa sekä DNA-sirutekniikassa, kun halutaan löytää ja 
tunnistaa mikrokystiiniä tai muita ei-ribosomaalisia peptidejä tuottavia syanobakteereita. 
Geenin apdA formyylitransferaasia koodaava alue on ensimmäinen peptidisyntetaasigee
neistä löydetty, eikä halogenaasigeenia ole aiemmin raportoitu syanobakteereista. Nämä 
geenialueet  tarjoavat  lisää  mahdollisuuksia  muokattaessa  ei-ribosomaalisten  peptidien 
rakenteita.  Ei-ribosomaalisten  peptidien  merkitys  syanobakteereille  on  tuntematon. 
Tarvitaan esimerkiksi mutanttien avulla tehtävää lisätutkimusta, jotta näiden metaboliittien 
todellinen tehtävä selviää. 8 9
1. Introduction
1.1 Cyanobacteria 
The phylum cyanobacteria consists of oxygenic photosynthetic prokaryotes that have 
two photosystems (PSII and PSI) and use H2O as the photoreductant in photosynthesis. All 
the known cyanobacteria are photoautotrophic, using primarily CO2 as the carbon source 
(Castenholz, 2001a). Due to a minimal need for nutrients, cyanobacteria can inhabit a wide 
range of environments including extreme conditions such as hot springs, desert soils and 
the Antarctic.
Freshwater cyanobacteria include the genera Anabaena, Microcystis and Planktothrix, 
which are major organisms of the plankton and occasionally form mass occurrences, the 
so-called water blooms. The genus Anabaena comprises filamentous, heterocyst-forming 
cyanobacteria  that  may  have  gas  vacuoles  (Rippka  et  al.,  2001).  Microcystis  strains 
are unicellular colony-forming cyanobacteria with gas vesicles (Herdman et al., 2001). 
Cyanobacteria  belonging  to  the  genus  Planktothrix  are  filamentous,  able  to  move  by 
gliding, have abundant gas vacuoles and are typically found in eutrophic or hypereutrophic 
freshwater (Castenholz et al., 2001b). These three genera are the most important producers 
of  toxic  microcystins  (Fig.  1)  in  freshwater  environments  (Sivonen  and  Jones,  1999). 
Anabaena  strains  may  also  produce  three  different  types  of  neurotoxins:  an  alkaloid 
(anatoxin-a),  an  organophosphate  (anatoxin-a(S))  and  carbamate  toxins  (saxitoxins; 
Sivonen,  2000). Anatoxin-a  is  also  found  in  a  few  strains  of  Microcystis  and  benthic 
Oscillatoria (Sivonen, 2000). Homoanatoxin-a, an anatoxin-a derivative, is produced by 
some Oscillatoria/Planktothrix strains (Sivonen, 2000).
The  toxic  strains  in  each  genus  cannot  be  distinguished  from  nontoxic  strains  by 
morphological characteristics. The traditional classification of cyanobacteria is based on 
their morphology and cell division patterns. Guidebooks for the identification of planktonic 
cyanobacteria (e.g. Kasviplanktonopas, Tikkanen, T., 1986) use morphological features 
as criteria. Cell characteristics such as the development of akinetes, heterocysts and gas 
vesicles  are  dependent  on  culturing  conditions,  which  may  cause  difficulties  and  can 
lead to wrong conclusions in the identification of cyanobacteria. Many molecular genetic 
methods (Table 1) have been used to delineate cyanobacteria. Restriction fragment length 
polymorphism (RFLP) alone or following the amplification of deoxyribonucleic acid (DNA) 
by polymerase chain reaction (PCR) and gene sequencing are well able to discriminate 
several morphologically similar species that differ in their physiological or biochemical 
traits (Mazel et al., 1990; Lehtimäki et al., 2000; Lyra et al., 2001).
  No  genome  sequences  of  toxic  cyanobacteria  are  yet  available. The  genome  sizes 
reported for the potential microcystin-producing species of cyanobacteria are for Microcystis 
aeruginosa PCC 7941 3.1 x 109 Da (Herdman et al., 2001), for Anabaena PCC 7122 3.2 
x 109 Da (Rippka et al., 2001) and for Planktothrix PCC 7805 2.5 x 109 Da (Castenholz 
et al., 2001b). Approximated to base pairs by using the value of 650 Da per base pair, the 
genome sizes are 4.8, 4.9 and 3.8 megabases (Mb), respectively. Short repetitive sequences 
were discovered in the genomes of cyanobacteria, including Anabaena and Microcystis, 
and used to differentiate strains and closely related species (Mazel et al., 1990; Bauer et 
al., 1993; Asayama et al., 1996; Lehtimäki et al., 2000). Repeated sequences, when located 
at numerous positions in the chromosomes of cyanobacteria, are well able to discriminate 
different strains (Bauer et al., 1993) but are possibly not connected with the toxicity of 
cyanobacteria. Molecular methods based on genes coding for the biosynthesis of toxins 
would thus be needed to recognize potential toxin producers. 10 11
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1.2 Cyanobacterial nonribosomal peptides 
Cyanobacteria produce a large number of small bioactive peptides (Moore, 1996; Moore 
et al., 1996; Namikoshi and Rinehart, 1996; Weckesser et al., 1996; Burja et al., 2001). 
The best known are the cyclic toxins microcystins (Fig. 1) and nodularins, which are the 
inhibitors of protein phosphatases 1, 2A and 3 (Honkanen et al., 1990, 1991; MacKintosh 
et al., 1990; Yoshizawa et al., 1990). Over 60 structurally different microcystins but only 
5 variants of nodularin have been identified from cyanobacteria (for a list of microcystin 
variants see Sivonen and Jones, 1999).
Depsipeptides  containing  a  unique  residue,  3-amino-6-hydroxy-2-piperidone  (Ahp) 
form a large group (represented by anabaenopeptilide B in Fig.1). Compounds of this type 
isolated from the freshwater cyanobacteria Anabaena, Microcystis, Nostoc and Oscillatoria/
Planktothrix are listed in Table 2. Similar peptides isolated from terrestrial and marine 
cyanobacteria are in Table 3. Many of these are serine protease inhibitors (Shin et al., 1995; 
Namikoshi and Rinehart, 1996; Okino et al., 1997; Reshef and Carmeli, 2001). Structural 
studies on the interaction of A90720 (Table 3) with trypsin (Lee et al., 1994) and scyptolin 
A (Table 3) with elastase (Matern et al., 2003b) indicated that the Ahp residue plays an 
important role in the inhibition of proteases. On the other hand, dolastatin 13 (Fig. 1), which 
was the first reported cyclic depsipeptide containing Ahp and threonine, was determined to 
be a cytostatic agent (Pettit et al., 1989). Dolastatin 13 was obtained from the Indian Ocean 
shell-less mollusc Dolabella auricularia (sea hare) (Pettit et al., 1989), but its analogues, 
somamide A, B and symplostatin 2 (Table 3) were later isolated from marine cyanobacteria 
(Harrigan et al., 1999; Nogle et al., 2001). It seems likely that dolastatin 13 is also of 
cyanobacterial origin.
Hexapeptides containing D-lysine and a unique ureido linkage are produced by various 
cyanobacterial species (Fig. 1, Table 4). Some of these peptides have been reported to be 
protease inhibitors, but also other biological activity is known for many peptides of this 
group (Table 4). Anabaenopeptins G, H, I, J and T inhibit carboxypeptidase A (Table 4), 
whereas oscillamide Y and schizopeptin 791 inhibit chymotrypsin and trypsin, respectively 
(Table 4).
Two additional types of serine protease inhibitors, aeruginosins (Fig. 1, Table 5) and 
microviridins  (Fig.  1,  Table  6)  have  been  found  in  cyanobacteria.  Microviridins,  first 
isolated from Microcystis viridis and Microcystis aeruginosa (Ishitsuka et al., 1990, Okino 
et al., 1995) are depsipeptides having the special structural feature of a tricyclic ring system 
(Fig. 1). Linear peptides (aeruginosins) containing the unusual amino acid, 2-carboxy-6-
hydroxyoctahydroindole (= Choi) as the common component (Fig. 1), were isolated from 
the same species and from Oscillatoria agardhii (Murakami et al., 1994, Matsuda et al., 
1996, Shin et al., 1997b). A linear peptide, microginin (Fig. 1, Table 7), was originally 
isolated from M. aeruginosa (Okino et al., 1993b). Recently two types of unusual linear 
peptide, aeruginoguanidines (Ishida et al., 2002) and aeruginosamide (Lawton et al., 1999) 
(Fig. 1), were reported from the same species.
Cyanobacteria, especially marine species, produce various other types of peptide (for 
marine  compounds  see  Burja  et  al.,  2001). Thiazole-  and  oxazole-containing  peptides 
form a group of pharmacological interest (Jüttner et al., 2001). As an example of peptides 
containing thiazole and oxazole rings, the structure of nostocyclamide from Nostoc 31 
(Jüttner et al., 2001) is shown in Fig. 1. Nostocyclamide and another almost identical 
peptide (nostocyclamide M) from the same strain were reported to have anticyanobacterial 
activity (Jüttner et al., 2001). 12 13
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l
a
c
t
y
l
;
 
G
a
 
=
 
g
l
y
c
e
r
i
c
 
a
c
i
d
;
 
T
h
T
y
r
 
=
 
t
e
t
r
a
h
y
d
r
o
t
y
r
o
s
i
n
e
;
 
H
t
y
 
=
 
h
o
m
o
t
y
r
o
s
i
n
e
;
 
M
e
-
L
-
L
y
s
 
=
 
N
-
m
e
t
h
y
l
-
L
-
l
y
s
i
n
e
;
 
d
i
M
e
-
L
-
L
y
s
 
=
 
N
,
N
-
d
i
m
e
t
h
y
l
-
L
-
l
y
s
i
n
e
;
 
H
c
A
l
a
 
=
 
3
-
(
4
’
-
h
y
d
r
o
x
y
-
2
’
 
-
 
c
y
c
l
o
h
e
x
e
n
y
l
)
a
l
a
n
i
n
e
.
 
b
 
T
h
e
 
a
c
t
i
v
i
t
i
e
s
 
r
e
p
o
r
t
e
d
 
i
n
 
t
h
e
 
r
e
f
e
r
e
n
c
e
s
.
 
e
l
a
,
 
c
h
y
,
 
p
l
a
,
 
t
h
r
,
 
t
r
y
 
=
 
e
l
a
s
t
a
s
e
,
 
c
h
y
m
o
t
r
y
p
s
i
n
e
,
 
p
l
a
s
m
i
n
,
 
t
h
r
o
m
b
i
n
 
a
n
d
 
t
r
y
p
s
i
n
;
 
i
 
=
 
i
n
h
i
b
i
t
i
o
n
;
 
n
i
 
=
 
n
o
 
i
n
h
i
b
i
t
i
o
n
;
 
v
w
 
=
 
v
e
r
y
 
w
e
a
k
;
 
n
t
 
=
 
a
c
t
i
v
i
t
i
e
s
 
n
o
t
 
t
e
s
t
e
d
.
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T
a
b
l
e
 
2
.
D
e
p
s
i
p
e
p
t
i
d
e
s
 
c
o
n
t
a
i
n
i
n
g
 
3
-
a
m
i
n
o
-
6
-
h
y
d
r
o
x
y
-
2
-
p
i
p
e
r
i
d
o
n
e
 
(
A
h
p
)
 
i
d
e
n
t
i
fi
e
d
 
f
r
o
m
 
f
r
e
s
h
w
a
t
e
r
 
c
y
a
n
o
b
a
c
t
e
r
i
a
 
(
c
o
n
t
i
n
u
e
d
)
.
C
y
a
n
o
b
a
c
t
e
r
i
u
m
 
 
D
e
p
s
i
p
e
p
t
i
d
e
 
S
i
d
e
 
c
h
a
i
n
 
R
(
-
A
h
p
)
a
 
A
c
t
i
v
i
t
y
b
 
R
e
f
e
r
e
n
c
e
s
 
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
8
8
 
 
m
i
c
r
o
p
e
p
t
i
n
 
8
8
 
E
 
 
b
u
t
y
r
y
l
-
L
-
T
y
r
-
L
-
G
l
u
 
L
-
L
e
u
 
 
c
h
y
 
i
,
 
e
l
a
 
n
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
1
9
9
8
a
 
m
i
c
r
o
p
e
p
t
i
n
 
8
8
 
F
 
 
b
u
t
y
r
y
l
-
L
-
T
y
r
-
O
M
G
 
L
-
T
y
r
c
 
h
y
 
i
,
 
e
l
a
 
n
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
9
0
 
 
m
i
c
r
o
p
e
p
t
i
n
 
9
0
 
G
a
-
3
-
O
-
s
u
l
f
a
t
e
 
 
L
-
A
r
g
 
p
l
a
 
i
,
 
t
r
y
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
1
9
9
5
;
 
1
9
9
6
M
i
c
r
o
c
y
s
t
i
s
 
v
i
r
i
d
i
s
 
N
I
E
S
-
1
0
3
 
 
m
i
c
r
o
p
e
p
t
i
n
 
1
0
3
 
 
h
e
x
a
n
o
y
l
-
L
-
G
l
y
-
L
T
h
r
 
 
L
-
G
l
n
 
c
h
y
 
i
,
 
t
h
r
 
i
,
 
e
l
a
 
n
i
,
 
t
r
y
 
n
i
 
 
M
u
r
a
k
a
m
i
 
e
t
 
a
l
.
,
 
1
9
9
7
a
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
 
4
7
8
 
m
i
c
r
o
p
e
p
t
i
n
 
4
7
8
-
A
 
G
a
-
3
-
O
-
s
u
l
f
a
t
e
 
 
L
-
A
r
g
 
p
l
a
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
,
 
t
h
r
 
n
i
,
t
r
y
 
n
i
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
1
9
9
7
a
 
m
i
c
r
o
p
e
p
t
i
n
 
4
7
8
-
B
 
G
a
-
2
,
3
-
O
-
d
i
s
u
l
f
a
t
e
 
 
L
-
A
r
g
 
p
l
a
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
,
 
t
h
r
 
n
i
,
t
r
y
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
m
i
c
r
o
p
e
p
t
i
n
 
E
I
9
6
4
 
a
c
e
t
y
l
-
L
-
A
s
p
 
 
L
-
A
r
g
 
t
r
y
 
i
,
 
c
h
y
 
n
i
 
P
l
o
u
t
n
o
 
e
t
 
a
l
.
,
 
2
0
0
2
 
 
m
i
c
r
o
p
e
p
t
i
n
 
E
I
9
9
2
 
b
u
t
y
r
y
l
-
L
-
A
s
p
 
 
L
-
A
r
g
 
t
r
y
 
i
,
 
c
h
y
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
s
p
.
 
m
i
c
r
o
p
e
p
t
i
n
 
S
F
9
0
9
 
 
H
p
l
 
L
-
G
l
n
 
c
h
y
 
i
,
 
t
r
y
 
n
i
 
B
a
n
k
e
r
 
&
 
C
a
r
m
e
l
i
,
 
1
9
9
9
 
 
m
i
c
r
o
p
e
p
t
i
n
 
S
F
9
9
5
 
 
h
e
x
a
n
o
y
l
-
L
-
A
s
p
 
L
-
A
r
g
 
t
r
y
 
i
,
 
c
h
y
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
I
L
-
2
1
5
 
m
i
c
r
o
p
e
p
t
i
n
 
S
D
9
4
4
 
 
h
e
x
a
n
o
y
l
-
L
-
A
s
p
 
 
L
-
L
y
s
 
t
r
y
 
i
,
 
c
h
y
 
n
i
 
R
e
s
h
e
f
 
&
 
C
a
r
m
e
l
i
,
 
2
0
0
1
 
 
m
i
c
r
o
p
e
p
t
i
n
 
S
D
9
7
9
 
 
h
e
x
a
n
o
y
l
-
L
-
A
s
p
 
 
L
-
T
y
r
 
c
h
y
 
i
,
 
t
r
y
 
n
i
 
 
m
i
c
r
o
p
e
p
t
i
n
 
S
D
9
9
9
 
 
h
e
x
a
n
o
y
l
-
L
-
A
s
p
 
 
L
-
A
r
g
 
t
r
y
 
i
,
 
c
h
y
 
n
i
 
 
m
i
c
r
o
p
e
p
t
i
n
 
S
D
1
0
0
2
 
 
h
e
x
a
n
o
y
l
-
L
-
A
s
p
 
 
L
-
T
y
r
 
c
h
y
 
i
,
 
t
r
y
 
n
i
w
a
t
e
r
 
b
l
o
o
m
 
m
i
c
r
o
p
e
p
t
i
n
 
T
1
 
h
e
x
a
n
o
y
l
-
L
-
G
l
u
 
 
L
-
T
y
r
 
c
h
y
 
i
,
 
p
l
a
 
n
i
,
 
t
r
y
 
n
i
 
K
o
d
a
n
i
 
e
t
 
a
l
.
,
 
1
9
9
9
 
w
a
t
e
r
 
b
l
o
o
m
 
m
i
c
r
o
p
e
p
t
i
n
 
T
2
 
h
e
x
a
n
o
y
l
-
L
-
G
l
u
 
 
L
-
L
y
s
 
p
l
a
 
i
,
 
t
r
y
 
i
,
 
c
h
y
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
m
i
c
r
o
p
e
p
t
i
n
 
T
-
2
0
 
G
a
-
3
-
O
-
p
h
o
s
p
h
a
t
e
 
L
-
P
h
e
 
c
h
y
 
i
 
 
O
k
a
n
o
 
e
t
 
a
l
.
,
 
1
9
9
9
N
o
s
t
o
c
 
s
p
.
 
D
U
N
9
0
1
 
n
o
s
t
o
c
y
c
l
i
n
 
 
H
p
l
-
L
-
I
l
e
-
H
s
e
 
 
H
s
e
 
P
P
1
 
i
n
h
i
b
i
t
i
o
n
 
(
w
e
a
k
)
 
K
a
y
a
 
e
t
 
a
l
.
,
 
1
9
9
6
N
o
s
t
o
c
 
m
i
n
u
t
u
m
 
N
I
E
S
-
2
6
 
 
n
o
s
t
o
p
e
p
t
i
n
 
A
 
 
b
u
t
y
r
y
l
-
L
-
G
l
n
 
 
L
-
L
e
u
 
e
l
a
 
i
,
 
c
h
y
 
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
 
O
k
i
n
o
 
e
t
 
a
l
.
,
 
1
9
9
7
 
 
 
n
o
s
t
o
p
e
p
t
i
n
 
B
 
a
c
e
t
y
l
-
L
-
G
l
n
 
 
L
-
L
e
u
 
e
l
a
 
i
,
 
c
h
y
 
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
N
o
s
t
o
c
 
s
p
.
 
I
L
-
2
3
5
 
 
n
o
s
t
o
p
e
p
t
i
n
 
B
N
9
2
0
 
 
a
c
e
t
y
l
-
L
-
G
l
n
 
 
L
-
L
e
u
 
c
h
y
 
i
,
 
t
r
y
 
n
i
 
P
l
o
u
t
n
o
 
&
 
C
a
r
m
e
l
i
,
 
2
0
0
2
a
 
B
e
s
i
d
e
s
 
t
h
e
 
r
e
s
i
d
u
e
s
 
o
f
 
t
h
e
 
s
i
d
e
 
c
h
a
i
n
 
a
l
s
o
 
t
h
e
 
a
m
i
n
o
 
a
c
i
d
 
b
e
t
w
e
e
n
 
t
h
r
e
o
n
i
n
e
 
a
n
d
 
A
h
p
 
i
s
 
l
i
s
t
e
d
.
 
O
M
G
 
=
 
O
-
m
e
t
h
y
l
-
L
-
G
l
u
;
 
G
a
 
=
 
g
l
y
c
e
r
i
c
 
a
c
i
d
;
 
H
p
l
 
=
 
p
-
h
y
d
r
o
x
y
-
p
h
e
n
y
l
l
a
c
t
y
l
;
 
H
s
e
 
=
 
h
o
m
o
s
e
r
i
n
e
.
 
b
 
T
h
e
 
a
c
t
i
v
i
t
i
e
s
 
r
e
p
o
r
t
e
d
 
i
n
 
t
h
e
 
r
e
f
e
r
e
n
c
e
s
.
 
e
l
a
,
 
c
h
y
,
 
p
l
a
,
 
t
h
r
,
 
t
r
y
=
 
e
l
a
s
t
a
s
e
,
 
c
h
y
m
o
t
r
y
p
s
i
n
,
 
p
l
a
s
m
i
n
,
 
t
h
r
o
m
b
i
n
 
a
n
d
 
t
r
y
p
s
i
n
;
 
i
 
=
 
i
n
h
i
b
i
t
i
o
n
;
 
n
i
 
=
 
n
o
 
i
n
h
i
b
i
t
i
o
n
;
 
P
P
1
 
i
n
h
i
b
i
t
i
o
n
 
(
w
e
a
k
)
 
=
 
p
r
o
t
e
i
n
 
p
h
o
s
p
h
a
t
a
s
e
 
1
 
w
e
a
k
l
y
 
i
n
h
i
b
i
t
e
d
.
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T
a
b
l
e
 
2
.
 
D
e
p
s
i
p
e
p
t
i
d
e
s
 
c
o
n
t
a
i
n
i
n
g
 
3
-
a
m
i
n
o
-
6
-
h
y
d
r
o
x
y
-
2
-
p
i
p
e
r
i
d
o
n
e
 
(
A
h
p
)
 
i
d
e
n
t
i
fi
e
d
 
f
r
o
m
 
f
r
e
s
h
w
a
t
e
r
 
c
y
a
n
o
b
a
c
t
e
r
i
a
 
(
c
o
n
t
i
n
u
e
d
 
2
)
.
C
y
a
n
o
b
a
c
t
e
r
i
u
m
 
 
D
e
p
s
i
p
e
p
t
i
d
e
 
 
S
i
d
e
 
c
h
a
i
n
 
 
R
(
-
A
h
p
)
a
 
 
A
c
t
i
v
i
t
y
b
 
R
e
f
e
r
e
n
c
e
s
 
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
9
7
 
o
s
c
i
l
l
a
p
e
p
t
i
l
i
d
e
 
9
7
-
A
 
 
N
-
a
c
e
t
y
l
-
L
-
P
r
o
-
L
-
G
l
n
 
 
L
-
L
e
u
 
e
l
a
 
i
,
 
c
h
y
 
i
 
F
u
j
i
i
 
e
t
 
a
l
.
,
 
2
0
0
0
 
 
o
s
c
i
l
l
a
p
e
p
t
i
l
i
d
e
 
9
7
-
B
 
 
N
-
a
c
e
t
y
l
-
L
-
P
r
o
-
L
-
G
l
n
 
 
L
-
L
e
u
 
e
l
a
 
i
,
 
c
h
y
 
i
 
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
4
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
A
 
M
g
s
-
H
t
y
 
L
-
H
t
y
 
e
l
a
 
i
,
 
c
h
y
 
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
 
S
h
i
n
 
e
t
 
a
l
.
,
 
1
9
9
5
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
4
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
B
 
M
g
s
-
H
t
y
 
L
-
M
h
t
y
 
e
l
a
 
i
,
 
c
h
y
 
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
 
I
t
o
u
 
e
t
 
a
l
.
,
 
1
9
9
9
a
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
5
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
C
 
M
g
a
-
H
t
y
 
H
c
A
l
a
 
c
h
y
 
i
,
 
e
l
a
 
n
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
5
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
D
 
M
g
s
-
H
t
y
 
H
c
A
l
a
 
 
e
l
a
 
i
,
 
c
h
y
 
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
5
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
E
 
M
g
s
-
H
t
y
 
H
t
y
 
e
l
a
 
i
,
 
c
h
y
 
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
5
9
6
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
F
 
 
M
g
s
-
H
t
y
 
L
-
L
y
s
 
p
l
a
 
i
,
 
t
r
y
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
,
 
t
h
r
 
n
i
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
6
1
0
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
G
 
G
a
-
H
t
y
-
G
l
n
 
 
L
-
L
e
u
 
t
y
r
o
s
i
n
a
s
e
 
i
 
(
w
e
a
k
)
 
S
a
n
o
 
&
 
K
a
y
a
,
 
1
9
9
6
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
C
Y
A
 
1
2
8
 
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
G
 
G
a
-
H
t
y
-
G
l
n
 
 
L
-
L
e
u
 
e
l
a
 
i
,
 
c
h
y
 
i
 
F
u
j
i
i
 
e
t
 
a
l
.
,
 
2
0
0
0
P
l
a
n
k
t
o
t
h
r
i
x
 
r
u
b
e
s
c
e
n
s
 
 
o
s
c
i
l
l
a
p
e
p
t
i
n
 
J
 
 
G
a
-
3
-
O
-
s
u
l
f
a
t
e
 
L
-
A
r
g
 
c
r
u
s
t
a
c
e
a
n
 
g
r
a
z
e
r
 
t
o
x
i
n
 
B
l
o
m
 
e
t
 
a
l
.
,
 
2
0
0
3
a
 
B
e
s
i
d
e
s
 
t
h
e
 
r
e
s
i
d
u
e
s
 
o
f
 
t
h
e
 
s
i
d
e
 
c
h
a
i
n
 
a
l
s
o
 
t
h
e
 
a
m
i
n
o
 
a
c
i
d
 
b
e
t
w
e
e
n
 
t
h
r
e
o
n
i
n
e
 
a
n
d
 
A
h
p
 
i
s
 
l
i
s
t
e
d
.
 
M
e
t
S
O
 
=
 
m
e
t
h
i
o
n
i
n
e
 
s
u
l
f
o
x
i
d
e
;
 
H
m
v
 
=
 
2
-
h
y
d
r
o
x
y
-
3
-
m
e
t
h
y
l
v
a
l
e
r
i
c
 
a
c
i
d
;
 
B
A
 
=
 
N
-
b
u
t
y
r
y
l
-
L
-
A
l
a
;
 
G
a
 
=
 
g
l
y
c
e
r
i
c
 
a
c
i
d
;
 
A
b
u
 
=
 
2
-
a
m
i
n
o
-
2
-
b
u
t
y
r
i
c
 
a
c
i
d
.
b
 
T
h
e
 
a
c
t
i
v
i
t
i
e
s
 
r
e
p
o
r
t
e
d
 
i
n
 
t
h
e
 
r
e
f
e
r
e
n
c
e
s
.
 
e
l
a
,
 
p
l
a
,
 
t
h
r
,
 
t
r
y
 
=
 
e
l
a
s
t
a
s
e
,
 
p
l
a
s
m
i
n
,
 
t
h
r
o
m
b
i
n
 
a
n
d
 
t
r
y
p
s
i
n
;
 
i
 
=
 
i
n
h
i
b
i
t
i
o
n
;
 
n
i
 
=
 
n
o
 
i
n
h
i
b
i
t
i
o
n
;
 
n
t
 
=
 
a
c
t
i
v
i
t
y
 
n
o
t
 
t
e
s
t
e
d
;
 
v
w
 
=
 
v
e
r
y
 
w
e
a
k
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T
a
b
l
e
 
3
.
D
e
p
s
i
p
e
p
t
i
d
e
s
 
c
o
n
t
a
i
n
i
n
g
 
3
-
a
m
i
n
o
-
6
-
h
y
d
r
o
x
y
-
2
-
p
i
p
e
r
i
d
o
n
e
 
(
A
h
p
)
 
i
d
e
n
t
i
fi
e
d
 
f
r
o
m
 
m
a
r
i
n
e
 
o
r
 
t
e
r
r
e
s
t
r
i
a
l
 
c
y
a
n
o
b
a
c
t
e
r
i
a
.
C
y
a
n
o
b
a
c
t
e
r
i
u
m
 
D
e
p
s
i
p
e
p
t
i
d
e
 
S
i
d
e
 
c
h
a
i
n
 
 
R
(
-
A
h
p
)
a
 
 
A
c
t
i
v
i
t
y
b
 
 
R
e
f
e
r
e
n
c
e
s
 
M
a
r
i
n
e
 
c
y
a
n
o
b
a
c
t
e
r
i
a
L
y
n
g
b
y
a
 
m
a
j
u
s
c
u
l
a
/
 
s
o
m
a
m
i
d
e
 
A
 
 
h
e
x
a
n
o
y
l
-
L
-
M
e
t
 
 
A
b
u
 
 
n
t
 
 
N
o
g
l
e
 
e
t
 
a
l
.
,
 
2
0
0
1
S
c
h
i
z
o
t
h
r
i
x
 
s
p
.
 
 
s
o
m
a
m
i
d
e
 
B
 
 
b
u
t
y
r
y
l
-
G
l
n
 
A
b
u
 
 
n
t
S
y
m
p
l
o
c
a
 
h
y
d
n
o
i
d
e
s
 
s
y
m
p
l
o
s
t
a
t
i
n
 
2
 
 
b
u
t
y
r
y
l
-
L
-
I
l
e
-
L
-
M
e
t
S
O
 
A
b
u
 
 
n
t
 
 
H
a
r
r
i
g
a
n
 
e
t
 
a
l
.
,
 
1
9
9
9
S
y
m
p
l
o
c
a
 
s
p
.
 
t
a
s
i
p
e
p
t
i
n
 
A
 
 
b
u
t
y
r
y
l
-
L
-
V
a
l
 
 
L
-
L
e
u
 
c
y
t
o
t
o
x
i
c
 
 
W
i
l
l
i
a
m
s
 
e
t
 
a
l
.
,
 
2
0
0
3
 
t
a
s
i
p
e
p
t
i
n
 
B
 
 
b
u
t
y
r
y
l
 
L
-
L
e
u
 
c
y
t
o
t
o
x
i
c
T
e
r
r
e
s
t
r
i
a
l
 
c
y
a
n
o
b
a
c
t
e
r
i
a
S
c
y
t
o
n
e
m
a
 
h
o
f
m
a
n
n
i
 
P
C
C
 
7
1
1
0
 
 
h
o
f
m
a
n
n
o
l
i
n
 
 
H
m
v
-
L
-
G
l
u
 
 
L
-
T
y
r
 
e
l
a
 
n
i
,
 
t
r
y
 
n
i
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
 
M
a
t
e
r
n
 
e
t
 
a
l
.
,
 
2
0
0
3
a
S
c
y
t
o
n
e
m
a
 
h
o
f
m
a
n
n
i
 
P
C
C
 
7
1
1
0
 
 
s
c
y
p
t
o
l
i
n
 
A
 
 
b
u
t
y
r
y
l
-
L
-
A
l
a
-
L
-
T
h
r
 
L
-
L
e
u
 
e
l
a
 
i
,
 
t
r
y
 
i
 
(
v
w
)
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
 
M
a
t
e
r
n
 
e
t
 
a
l
.
,
 
2
0
0
1
 
s
c
y
p
t
o
l
i
n
 
B
 
 
b
u
t
y
r
y
l
-
L
-
A
l
a
-
O
-
B
A
-
L
-
T
h
r
 
 
L
-
L
e
u
 
e
l
a
 
i
,
 
t
r
y
 
i
 
(
v
w
)
,
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
M
i
c
r
o
c
h
a
e
t
e
 
l
o
k
t
a
k
e
n
s
i
s
 
I
C
-
3
9
-
2
 
 
A
9
0
7
2
0
A
 
N
-
(
G
a
-
3
’
-
O
-
s
u
l
f
a
t
e
)
-
D
-
L
e
u
 
 
L
-
A
r
g
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
 
L
e
e
 
e
t
 
a
l
.
,
 
1
9
9
4
,
 
 
 
 
 
 
B
o
n
j
o
u
k
l
i
a
n
 
e
t
 
a
l
.
,
 
1
9
9
6
 
a
 
B
e
s
i
d
e
s
 
t
h
e
 
r
e
s
i
d
u
e
s
 
o
f
 
t
h
e
 
s
i
d
e
 
c
h
a
i
n
 
a
l
s
o
 
t
h
e
 
a
m
i
n
o
 
a
c
i
d
 
b
e
t
w
e
e
n
 
t
h
r
e
o
n
i
n
e
 
a
n
d
 
A
h
p
 
i
s
 
l
i
s
t
e
d
.
 
M
e
t
S
O
 
=
 
m
e
t
h
i
o
n
i
n
e
 
s
u
l
f
o
x
i
d
e
;
 
H
m
v
 
=
 
2
-
h
y
d
r
o
x
y
-
3
-
m
e
t
h
y
l
v
a
l
e
r
i
c
 
a
c
i
d
;
 
B
A
 
=
 
N
-
b
u
t
y
r
y
l
-
L
-
A
l
a
;
 
G
a
 
=
 
g
l
y
c
e
r
i
c
 
a
c
i
d
;
 
A
b
u
 
=
 
2
-
a
m
i
n
o
-
2
-
b
u
t
y
r
i
c
 
a
c
i
d
.
b
 
T
h
e
 
a
c
t
i
v
i
t
i
e
s
 
r
e
p
o
r
t
e
d
 
i
n
 
t
h
e
 
r
e
f
e
r
e
n
c
e
s
.
 
e
l
a
,
 
p
l
a
,
 
t
h
r
,
 
t
r
y
 
=
 
e
l
a
s
t
a
s
e
,
 
p
l
a
s
m
i
n
,
 
t
h
r
o
m
b
i
n
 
a
n
d
 
t
r
y
p
s
i
n
;
 
i
 
=
 
i
n
h
i
b
i
t
i
o
n
;
 
n
i
 
=
 
n
o
 
i
n
h
i
b
i
t
i
o
n
;
 
n
t
 
=
 
a
c
t
i
v
i
t
y
 
n
o
t
 
t
e
s
t
e
d
;
 
v
w
 
=
 
v
e
r
y
 
w
e
a
k
.
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T
a
b
l
e
 
4
.
 
D
-
l
y
s
i
n
e
 
a
n
d
 
u
r
e
i
d
o
 
b
o
n
d
 
c
o
n
t
a
i
n
i
n
g
 
p
e
p
t
i
d
e
s
 
i
d
e
n
t
i
fi
e
d
 
f
r
o
m
 
f
r
e
s
h
w
a
t
e
r
 
c
y
a
n
o
b
a
c
t
e
r
i
a
.
C
y
a
n
o
b
a
c
t
e
r
i
u
m
 
P
e
p
t
i
d
e
 
 
r
e
s
i
d
u
e
a
 
1
 
 
3
 
4
 
 
5
 
 
6
 
A
c
t
i
v
i
t
y
b
 
R
e
f
e
r
e
n
c
e
s
 
A
n
a
b
a
e
n
a
 
fl
o
s
-
a
q
u
a
e
 
N
R
C
 
5
2
5
-
1
7
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
A
 
 
L
-
T
y
r
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
n
e
i
c
 
r
e
l
 
H
a
r
a
d
a
 
e
t
 
a
l
.
,
 
1
9
9
5
 
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
B
 
 
L
-
A
r
g
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
 
n
e
i
c
 
r
e
l
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
4
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
B
 
L
-
A
r
g
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
 
p
r
a
s
e
 
n
i
 
 
M
u
r
a
k
a
m
i
 
e
t
 
a
l
.
,
 
1
9
9
7
b
A
n
a
b
a
e
n
a
 
s
p
.
 
9
0
 
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
C
 
L
-
L
y
s
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
 
n
t
 
 
F
u
j
i
i
 
e
t
 
a
l
.
,
 
1
9
9
6
;
 
2
0
0
2
A
n
a
b
a
e
n
a
 
s
p
.
 
2
0
2
 
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
D
 
 
L
-
P
h
e
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
n
t
 
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
4
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
E
 
L
-
A
r
g
 
 
L
-
V
a
l
 
 
M
e
H
t
y
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
C
P
A
/
p
r
a
s
e
 
n
i
 
 
S
h
i
n
 
e
t
 
a
l
.
,
 
1
9
9
7
a
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
F
 
L
-
A
r
g
 
 
L
-
I
l
e
 
L
-
H
t
y
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
C
P
A
/
p
r
a
s
e
 
n
i
 
 
I
t
o
u
 
e
t
 
a
l
.
,
 
1
9
9
9
b
P
l
a
n
k
t
o
t
h
r
i
x
 
a
g
a
r
d
h
i
i
 
H
U
B
 
0
1
1
 
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
G
 
 
L
-
A
r
g
 
L
-
I
l
e
 
L
-
H
t
y
 
 
M
e
-
L
-
L
e
u
 
 
L
-
T
y
r
 
 
n
t
 
 
E
r
h
a
r
d
 
e
t
 
a
l
.
,
 
1
9
9
9
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
5
9
5
 
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
G
*
 
L
-
T
y
r
 
L
-
I
l
e
 
 
L
-
H
t
y
 
M
e
-
L
-
H
t
y
 
L
-
I
l
e
 
 
C
P
A
 
i
 
I
t
o
u
 
e
t
 
a
l
.
,
 
1
9
9
9
b
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
H
 
 
L
-
A
r
g
 
 
L
-
I
l
e
l
 
L
-
H
t
y
 
M
e
-
L
-
H
t
y
 
L
-
I
l
e
 
 
C
P
A
 
i
 
(
w
e
a
k
)
A
p
h
a
n
i
z
o
m
e
n
o
n
 
fl
o
s
-
a
q
u
a
e
 
N
I
E
S
-
8
1
 
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
I
 
L
-
I
l
e
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
L
e
u
 
C
P
A
 
i
 
M
u
r
a
k
a
m
i
 
e
t
 
a
l
.
,
 
2
0
0
0
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
J
 
L
-
I
l
e
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
C
P
A
 
i
 
w
a
t
e
r
 
b
l
o
o
m
 
a
n
a
b
a
e
n
o
p
e
p
t
i
n
 
T
 
 
L
-
I
l
e
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
 
M
e
-
L
-
H
t
y
 
 
L
-
I
l
e
 
C
P
A
 
i
 
(
w
e
a
k
)
 
 
K
o
d
a
n
i
 
e
t
 
a
l
.
,
 
1
9
9
9
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
f
e
r
i
n
t
o
i
c
 
a
c
i
d
 
A
 
 
L
-
T
r
p
 
 
L
-
V
a
l
 
 
L
-
H
t
y
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
 
c
h
y
 
n
i
 
W
i
l
l
i
a
m
s
 
e
t
 
a
l
.
,
 
1
9
9
6
 
f
e
r
i
n
t
o
i
c
 
a
c
i
d
 
B
 
 
L
-
T
r
p
 
 
L
-
I
l
e
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
c
h
y
 
n
i
N
o
d
u
l
a
r
i
a
 
s
p
u
m
i
g
e
n
a
 
A
V
1
 
n
o
d
u
l
a
p
e
p
t
i
n
 
A
 
 
L
-
I
l
e
 
M
e
t
O
2
 
L
-
H
p
h
 
 
M
e
-
L
-
H
t
y
 
 
A
c
S
e
r
 
n
t
 
 
F
u
j
i
i
 
e
t
 
a
l
.
,
 
1
9
9
7
 
n
o
d
u
l
a
p
e
p
t
i
n
 
B
 
 
L
-
I
l
e
 
M
e
t
O
 
 
L
-
H
p
h
 
 
M
e
-
L
-
H
t
y
 
 
A
c
S
e
r
 
 
n
t
P
l
a
n
k
t
o
t
h
r
i
x
 
a
g
a
r
d
h
i
i
 
C
C
A
P
 
1
4
5
9
/
1
1
A
 
 
o
s
c
i
l
l
a
m
i
d
e
 
B
 
L
-
A
r
g
 
 
L
-
M
e
t
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
P
P
 
i
 
(
w
e
a
k
)
 
S
a
n
o
 
e
t
 
a
l
.
,
 
2
0
0
1
P
l
a
n
k
t
o
t
h
r
i
x
 
r
u
b
e
s
c
e
n
s
 
C
C
A
P
 
1
4
5
9
/
1
4
 
 
o
s
c
i
l
l
a
m
i
d
e
 
C
 
L
-
A
r
g
 
 
L
-
I
l
e
 
L
-
H
t
y
 
M
e
-
L
-
H
t
y
 
L
-
P
h
e
 
 
P
P
 
i
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
6
1
0
 
o
s
c
i
l
l
a
m
i
d
e
 
Y
 
L
-
T
y
r
 
 
L
-
I
l
e
 
 
L
-
H
t
y
 
 
M
e
-
L
-
A
l
a
 
 
L
-
P
h
e
 
c
h
y
 
i
 
 
S
a
n
o
 
&
 
K
a
y
a
,
 
1
9
9
5
 
a
 
T
h
e
 
n
u
m
b
e
r
i
n
g
 
o
f
 
t
h
e
 
r
e
s
i
d
u
e
s
 
s
t
a
r
t
s
 
f
r
o
m
 
t
h
e
 
s
i
d
e
 
c
h
a
i
n
 
t
h
a
t
 
m
a
k
e
s
 
t
h
e
 
u
r
e
i
d
o
 
b
o
n
d
.
 
D
-
L
y
s
,
 
r
e
s
i
d
u
e
 
2
,
 
i
s
 
o
m
i
t
t
e
d
 
b
e
c
a
u
s
e
 
i
t
 
i
s
 
t
h
e
 
s
a
m
e
 
i
n
 
a
l
l
 
o
f
 
t
h
e
s
e
 
p
e
p
t
i
d
e
s
.
H
t
y
 
=
 
h
o
m
o
t
y
r
o
s
i
n
e
;
 
M
e
H
t
y
 
=
 
7
-
m
e
t
h
y
l
h
o
m
o
t
y
r
o
s
i
n
e
;
 
M
e
-
L
-
A
l
a
 
=
 
N
-
m
e
t
h
y
l
-
L
-
a
l
a
n
i
n
e
;
 
M
e
-
L
-
H
t
y
 
=
 
N
-
m
e
t
h
y
l
-
L
-
h
o
m
o
t
y
r
o
s
i
n
e
;
 
M
e
t
O
2
=
 
L
-
m
e
t
h
i
o
n
i
n
e
 
s
u
l
f
o
n
e
;
 
M
e
t
O
 
=
 
L
-
m
e
t
h
i
o
n
i
n
e
 
s
u
l
f
o
x
i
d
e
;
 
H
p
h
 
=
 
h
o
m
o
p
h
e
n
y
l
a
l
a
n
i
n
e
;
 
A
c
S
e
r
 
=
 
O
-
a
c
e
t
y
l
-
L
-
S
e
r
.
 
b
 
T
h
e
 
a
c
t
i
v
i
t
i
e
s
 
r
e
p
o
r
t
e
d
 
i
n
 
t
h
e
 
r
e
f
e
r
e
n
c
e
s
.
 
n
e
i
c
 
r
e
l
 
=
 
r
e
l
a
x
a
t
i
o
n
s
 
o
f
 
n
o
r
e
p
i
n
e
p
h
r
i
n
e
-
i
n
d
u
c
e
d
 
c
o
n
t
r
a
c
t
i
o
n
;
 
C
P
A
 
=
 
c
a
r
b
o
x
y
p
e
p
t
i
d
a
s
e
 
A
;
 
p
r
a
s
e
 
=
 
p
r
o
t
e
a
s
e
s
 
(
e
l
a
s
t
a
s
e
,
 
p
l
a
s
m
i
n
,
 
c
h
y
m
o
t
r
y
p
s
i
n
,
 
t
h
r
o
m
b
i
n
,
 
t
r
y
p
s
i
n
)
;
 
c
h
y
 
=
 
c
h
y
m
o
t
r
y
p
s
i
n
;
 
P
P
 
=
 
p
r
o
t
e
i
n
 
p
h
o
s
p
h
a
t
a
s
e
s
 
1
 
a
n
d
 
2
A
;
 
i
 
=
 
i
n
h
i
b
i
t
i
o
n
;
 
n
i
 
=
 
n
o
 
i
n
h
i
b
i
t
i
o
n
;
 
n
t
 
=
 
a
c
t
i
v
i
t
i
e
s
 
n
o
t
 
t
e
s
t
e
d
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T
a
b
l
e
 
5
.
A
e
r
u
g
i
n
o
s
i
n
 
p
e
p
t
i
d
e
s
 
i
d
e
n
t
i
fi
e
d
 
f
r
o
m
 
f
r
e
s
h
w
a
t
e
r
 
c
y
a
n
o
b
a
c
t
e
r
i
a
.
C
y
a
n
o
b
a
c
t
e
r
i
u
m
 
P
e
p
t
i
d
e
 
 
R
e
s
i
d
u
e
 
1
a
 
 
2
 
 
3
 
4
 
 
A
c
t
i
v
i
t
y
b
 
R
e
f
e
r
e
n
c
e
s
 
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
8
9
 
a
e
r
u
g
i
n
o
s
i
n
 
8
9
-
A
 
 
H
p
l
a
-
C
l
-
S
 
 
D
-
L
e
u
 
 
C
h
o
i
 
L
-
A
r
g
a
l
 
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
1
9
9
9
 
 
a
e
r
u
g
i
n
o
s
i
n
 
8
9
-
B
 
 
H
p
l
a
-
C
l
-
S
 
 
D
-
L
e
u
 
 
C
h
o
i
 
D
-
A
r
g
a
l
 
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
9
8
 
a
e
r
u
g
i
n
o
s
i
n
 
9
8
-
A
 
 
H
p
l
a
-
C
l
 
 
D
-
a
l
l
o
-
I
l
e
 
 
C
h
o
i
-
S
 
 
A
g
m
a
t
i
n
e
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
 
M
u
r
a
k
a
m
i
 
e
t
 
a
l
.
,
 
1
9
9
5
 
 
a
e
r
u
g
i
n
o
s
i
n
 
9
8
-
B
 
 
H
p
l
a
 
D
-
a
l
l
o
-
I
l
e
 
 
C
h
o
i
-
S
 
 
A
g
m
a
t
i
n
e
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
9
8
 
a
e
r
u
g
i
n
o
s
i
n
 
9
8
-
C
 
 
H
p
l
a
-
B
r
 
 
D
-
a
l
l
o
-
I
l
e
 
 
C
h
o
i
-
S
 
 
A
g
m
a
t
i
n
e
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
1
9
9
9
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
1
0
1
 
a
e
r
u
g
i
n
o
s
i
n
 
1
0
1
 
 
H
p
l
a
-
2
C
l
 
 
D
-
a
l
l
o
-
I
l
e
 
 
C
h
o
i
-
S
 
 
A
g
m
a
t
i
n
e
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
M
i
c
r
o
c
y
s
t
i
s
 
v
i
r
i
d
i
s
 
N
I
E
S
-
1
0
2
 
 
a
e
r
u
g
i
n
o
s
i
n
 
1
0
2
-
A
 
 
H
p
l
a
-
S
 
D
-
T
y
r
 
 
C
h
o
i
 
 
L
-
A
r
g
a
l
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
 
M
a
t
s
u
d
a
 
e
t
 
a
l
.
,
 
1
9
9
6
 
 
a
e
r
u
g
i
n
o
s
i
n
 
1
0
2
-
B
 
 
H
p
l
a
-
S
 
D
-
T
y
r
 
 
C
h
o
i
 
 
D
-
A
r
g
a
l
 
p
l
a
 
i
,
 
t
h
r
 
i
,
 
t
r
y
 
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
1
9
9
9
M
i
c
r
o
c
y
s
t
i
s
 
v
i
r
i
d
i
s
 
N
I
E
S
-
1
0
3
 
 
a
e
r
u
g
i
n
o
s
i
n
 
1
0
3
-
A
 
 
H
p
l
a
 
D
-
T
y
r
 
 
C
h
o
i
 
 
A
e
a
p
 
 
t
h
r
 
i
,
 
p
l
a
 
i
 
(
w
e
a
k
)
,
 
t
r
y
 
i
 
(
w
e
a
k
)
 
 
K
o
d
a
n
i
 
e
t
 
a
l
.
,
 
1
9
9
8
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
5
 
a
e
r
u
g
i
n
o
s
i
n
 
2
0
5
-
A
 
 
L
-
P
l
a
s
 
 
H
l
e
u
-
X
y
l
 
C
c
o
i
 
 
A
g
m
a
t
i
n
e
 
t
h
r
 
i
,
 
t
r
y
 
i
,
 
 
S
h
i
n
 
e
t
 
a
l
.
,
 
1
9
9
7
b
 
 
a
e
r
u
g
i
n
o
s
i
n
 
2
0
5
-
B
 
 
D
-
P
l
a
s
 
 
H
l
e
u
-
X
y
l
 
C
c
o
i
 
 
A
g
m
a
t
i
n
e
 
t
h
r
 
i
,
 
t
r
y
 
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
2
9
8
 
a
e
r
u
g
i
n
o
s
i
n
 
2
9
8
-
A
 
 
H
p
l
a
 
L
-
L
e
u
 
 
C
h
o
i
 
 
L
-
A
r
g
o
l
 
t
h
r
 
i
,
 
t
r
y
 
i
,
 
p
l
a
 
n
i
,
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
M
u
r
a
k
a
m
i
 
e
t
 
a
l
.
,
 
1
9
9
4
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
2
9
8
 
a
e
r
u
g
i
n
o
s
i
n
 
2
9
8
-
B
 
 
H
p
l
a
 
D
,
L
-
L
e
u
 
 
C
h
o
i
-
N
H
2
 
 
p
l
a
 
n
i
,
 
t
h
r
 
n
i
,
 
t
r
y
 
n
i
 
e
l
a
 
n
i
,
 
c
h
y
 
n
i
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
1
9
9
9
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
 
a
e
r
u
g
i
n
o
s
i
n
 
E
I
4
6
1
 
 
H
p
l
a
 
D
-
L
e
u
 
C
h
o
i
-
N
H
2
 
 
 
t
r
y
 
i
 
(
w
e
a
k
)
,
 
c
h
y
 
n
i
 
 
P
l
o
u
t
n
o
 
e
t
 
a
l
.
,
 
2
0
0
2
M
i
c
r
o
c
y
s
t
i
s
 
s
p
.
 
 
m
i
c
r
o
c
i
n
 
S
F
6
0
8
 
H
p
l
a
 
 
L
-
P
h
e
 
C
h
o
i
 
 
A
g
m
a
t
i
n
e
 
t
r
y
 
i
,
 
c
h
y
 
n
i
 
 
B
a
n
k
e
r
 
&
 
C
a
r
m
e
l
i
,
 
1
9
9
9
a
 
O
r
d
e
r
 
o
f
 
t
h
e
 
r
e
s
i
d
u
e
s
 
i
s
 
f
r
o
m
 
t
h
e
 
N
-
t
e
r
m
i
n
u
s
 
t
o
 
t
h
e
 
C
-
t
e
r
m
i
n
u
s
.
 
H
p
l
a
 
=
 
D
-
4
-
h
y
d
r
o
x
y
p
h
e
n
y
l
l
a
c
t
y
l
;
 
H
p
l
a
-
(
C
l
-
)
S
 
=
 
(
3
-
c
h
l
o
r
o
-
)
H
p
l
a
 
s
u
l
f
a
t
e
;
 
H
p
l
a
-
C
l
/
B
r
 
=
 
3
-
c
h
l
o
r
o
/
b
r
o
m
o
-
H
p
l
a
;
 
H
p
l
a
-
2
C
l
 
=
 
3
,
5
-
d
i
c
h
l
o
r
o
-
H
p
l
a
;
 
P
l
a
s
 
=
 
p
h
e
n
y
l
l
a
c
t
y
l
 
2
-
O
-
s
u
l
f
a
t
e
;
 
H
l
e
u
-
X
y
l
 
=
 
3
-
O
-
x
y
l
o
p
y
r
a
n
o
s
y
l
h
y
d
r
o
x
y
l
e
u
c
y
l
;
 
C
h
o
i
-
S
 
=
 
2
-
c
a
r
b
o
x
y
-
6
-
h
y
d
r
o
x
y
o
c
t
a
h
y
d
r
o
i
n
d
o
l
e
 
s
u
l
f
a
t
e
;
 
C
h
o
i
-
N
H
2
 
=
C
h
o
i
 
a
m
i
d
e
;
 
A
e
a
p
 
=
 
1
-
a
m
i
d
i
n
o
-
2
-
e
t
h
o
x
y
-
3
-
a
m
i
n
o
p
i
p
e
r
i
d
i
n
e
;
 
C
c
o
i
 
=
 
2
-
c
a
r
b
o
x
y
-
6
-
c
h
l
o
r
o
o
c
t
a
h
y
d
r
o
i
n
d
o
l
e
.
b
 
T
h
e
 
a
c
t
i
v
i
t
i
e
s
 
r
e
p
o
r
t
e
d
 
i
n
 
t
h
e
 
r
e
f
e
r
e
n
c
e
s
.
 
e
l
a
,
 
c
h
y
,
 
p
l
a
,
 
t
h
r
,
 
t
r
y
=
 
e
l
a
s
t
a
s
e
,
 
c
h
y
m
o
t
r
y
p
s
i
n
,
 
p
l
a
s
m
i
n
,
 
t
h
r
o
m
b
i
n
 
a
n
d
 
t
r
y
p
s
i
n
;
 
i
 
=
 
i
n
h
i
b
i
t
i
o
n
;
 
n
i
 
=
 
n
o
 
i
n
h
i
b
i
t
i
o
n
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T
a
b
l
e
 
6
.
M
i
c
r
o
v
i
r
i
d
i
n
s
 
i
s
o
l
a
t
e
d
 
f
r
o
m
 
f
r
e
s
h
w
a
t
e
r
 
c
y
a
n
o
b
a
c
t
e
r
i
a
.
C
y
a
n
o
b
a
c
t
e
r
i
u
m
 
 
M
i
c
r
o
v
i
r
i
d
i
n
 
 
R
1
a
 
 
R
2
 
R
3
 
 
R
4
 
R
5
 
 
R
6
 
 
R
7
 
 
R
8
 
 
R
9
 
 
R
1
0
 
 
R
1
1
 
 
R
1
2
 
R
1
3
 
R
1
4
 
R
e
f
e
r
e
n
c
e
s
 
M
i
c
r
o
c
y
s
t
i
s
 
v
i
r
i
d
i
s
 
N
I
E
S
-
1
0
2
 
 
m
i
c
r
o
v
i
r
i
d
i
n
 
A
 
 
A
c
-
T
y
r
 
G
l
y
 
G
l
y
 
 
T
h
r
 
P
h
e
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
 
G
l
u
 
G
l
u
 
T
y
r
 
 
I
s
h
i
t
s
u
k
a
 
e
t
 
a
l
.
,
 
1
9
9
0
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
2
9
8
 
 
m
i
c
r
o
v
i
r
i
d
i
n
 
B
 
 
A
c
-
P
h
e
 
 
G
l
y
 
T
h
r
 
 
T
h
r
 
L
e
u
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
G
l
u
 
G
l
u
 
 
T
y
r
 
 
O
k
i
n
o
 
e
t
 
a
l
.
,
 
1
9
9
5
 
 
m
i
c
r
o
v
i
r
i
d
i
n
 
C
 
 
A
c
-
P
h
e
 
 
G
l
y
 
T
h
r
 
 
T
h
r
 
L
e
u
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
 
O
M
G
 
 
G
l
u
 
T
y
r
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
N
I
E
S
-
2
0
4
 
 
m
i
c
r
o
v
i
r
i
d
i
n
 
D
 
 
A
c
-
T
y
r
 
 
G
l
y
 
 
A
s
n
 
 
T
h
r
 
M
e
t
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
 
O
M
G
 
 
G
l
u
 
T
y
r
 
 
S
h
i
n
 
e
t
 
a
l
.
,
 
1
9
9
6
 
m
i
c
r
o
v
i
r
i
d
i
n
 
E
 
A
c
-
P
h
e
 
 
S
e
r
 
T
h
r
 
T
y
r
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
P
h
e
 
O
M
G
 
 
A
s
p
 
P
h
e
 
m
i
c
r
o
v
i
r
i
d
i
n
 
F
 
A
c
-
P
h
e
 
 
S
e
r
 
T
h
r
 
T
y
r
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
P
h
e
 
O
M
G
 
 
A
s
p
 
P
h
e
N
o
s
t
o
c
 
m
i
n
u
t
u
m
 
N
I
E
S
-
2
6
 
 
m
i
c
r
o
v
i
r
i
d
i
n
 
G
 
A
c
-
T
y
r
 
 
P
r
o
 
 
G
l
n
 
 
T
h
r
 
L
e
u
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
 
G
l
u
 
G
l
u
 
T
y
r
 
 
M
u
r
a
k
a
m
i
 
e
t
 
a
l
.
,
 
1
9
9
7
c
 
m
i
c
r
o
v
i
r
i
d
i
n
 
H
 
A
c
-
T
y
r
 
 
P
r
o
 
 
G
l
n
 
 
T
h
r
 
L
e
u
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
 
O
M
G
 
 
G
l
u
 
T
y
r
O
s
c
i
l
l
a
t
o
r
i
a
 
a
g
a
r
d
h
i
i
 
2
a
n
d
 
1
8
 
m
i
c
r
o
v
i
r
i
d
i
n
 
I
 
A
c
-
T
y
r
 
 
P
r
o
 
 
T
h
r
 
 
T
h
r
 
L
e
u
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
G
l
u
 
A
s
p
 
 
T
y
r
 
 
F
u
j
i
i
 
e
t
 
a
l
.
,
 
2
0
0
0
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
m
i
c
r
o
v
i
r
i
d
i
n
 
J
 
 
A
c
-
I
l
e
 
 
 
S
e
r
 
T
h
r
 
A
r
g
 
 
L
y
s
 
T
y
r
 
P
r
o
 
S
e
r
 
A
s
p
 
T
r
p
 
G
l
u
 
G
l
u
 
 
T
r
p
 
 
R
o
h
r
l
a
c
k
 
e
t
 
a
l
.
,
 
2
0
0
3
 
a
 
T
h
e
 
n
u
m
b
e
r
i
n
g
 
o
f
 
t
h
e
 
r
e
s
i
d
u
e
s
 
s
t
a
r
t
s
 
f
r
o
m
 
t
h
e
 
a
c
e
t
y
l
a
t
e
d
 
s
i
d
e
 
c
h
a
i
n
 
a
m
i
n
o
 
a
c
i
d
.
 
M
i
c
r
o
v
i
r
i
d
i
n
s
 
E
,
 
F
 
a
n
d
 
J
 
l
a
c
k
 
o
n
e
 
r
e
s
i
d
u
e
 
(
R
2
)
.
 
A
c
-
T
y
r
 
=
 
N
-
a
c
e
t
y
l
-
L
-
t
y
r
o
s
i
n
e
;
 
A
c
-
P
h
e
 
=
 
N
-
a
c
e
t
y
l
-
L
-
p
h
e
n
y
l
a
l
a
n
i
n
e
;
 
A
c
-
I
l
e
=
 
N
-
a
c
e
t
y
l
-
i
s
o
l
e
u
c
i
n
e
;
 
O
M
G
 
=
 
O
-
m
e
t
h
y
l
-
L
-
g
l
u
t
a
m
i
c
 
a
c
i
d20 21
T
a
b
l
e
 
7
.
M
i
c
r
o
g
i
n
i
n
s
 
i
s
o
l
a
t
e
d
 
f
r
o
m
 
f
r
e
s
h
w
a
t
e
r
 
c
y
a
n
o
b
a
c
t
e
r
i
a
.
C
y
a
n
o
b
a
c
t
e
r
i
u
m
 
M
i
c
r
o
g
i
n
i
n
 
R
1
a
 
 
R
2
 
 
R
3
 
R
4
 
R
5
 
(
R
6
)
 
A
c
t
i
v
i
t
y
b
 
 
R
e
f
e
r
e
n
c
e
s
 
 
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
N
I
E
S
-
1
0
0
 
m
i
c
r
o
g
i
n
i
n
 
A
h
d
a
 
L
-
A
l
a
 
L
-
V
a
l
 
M
e
T
y
r
 
L
-
T
y
r
 
a
c
e
 
i
,
 
a
p
m
 
i
 
 
O
k
i
n
o
 
e
t
 
a
l
.
,
 
1
9
9
3
b
 
 
 
 
 
 
 
 
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
2
0
0
0
 
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
T
A
C
-
5
1
 
 
m
i
c
r
o
g
i
n
i
n
 
5
1
-
A
 
A
h
d
a
 
L
-
T
y
r
 
 
M
e
V
a
l
 
 
M
e
T
y
r
 
L
-
P
r
o
-
L
-
T
y
r
 
 
a
p
m
 
i
,
 
a
c
e
 
n
i
,
 
p
r
a
s
e
 
n
i
 
I
s
h
i
d
a
 
e
t
 
a
l
.
,
 
2
0
0
0
 
 
m
i
c
r
o
g
i
n
i
n
 
5
1
-
B
 
M
e
A
h
d
a
 
 
L
-
T
y
r
 
 
M
e
V
a
l
 
 
M
e
T
y
r
 
L
-
P
r
o
-
L
-
T
y
r
 
 
a
p
m
 
n
i
,
 
a
c
e
 
n
i
,
 
p
r
a
s
e
 
n
i
M
i
c
r
o
c
y
s
t
i
s
 
a
e
r
u
g
i
n
o
s
a
 
T
A
C
-
9
1
 
 
m
i
c
r
o
g
i
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A single cyanobacterial strain may produce many peptides and consequently the isolation 
and purification of the peptides, which is required for structural determination, is a laborious 
multistep process. When the first structures of the cyanobacterial peptides described were 
solved, the presence of unusual nonprotein amino acids made it questionable whether they 
were made by the ribosomal peptide synthesis. 
1.3 Biosynthesis of nonribosomal peptides
Principally, there are two kinds of the nonribosomal peptide synthesis: in one type 
the  biosynthesis  of  peptides  is  catalyzed  by  ligases,  which  are  rather  small  compared 
with the multifunctional enzymes of the other class of nonribosomal peptide synthetases 
(NRPSs). Cyanophycin is a branched peptide found in cyanobacteria serving putatively 
as reserve material for nitrogen and energy. Cyanophycin, which accumulates as granules 
in the cytoplasm, consists normally of L-aspartic acid and L-arginine at a molar ratio 
of  approximately  1:1  and  is  a  multi-L-arginine-poly-L-aspartic  acid  (Simon,  1971). 
The  polymer,  with  an  estimated  mass  range  of    25-100  kDa  (Simon,  1971),  is  made 
nonribosomally by cyanophycin synthetase (Simon, 1973). Cyanophycin synthetase is simlar 
to the ligases involved in the biosynthesis of bacterial peptidoglycan and to the bacterial 
folyl-poly(γ-glutamate)  synthetases  (Ziegler  et  al.,  1998).  This  type  of  nonribosomal 
peptide synthesis, including the biosynthesis of glutathione, differs from the second type of 
nonribosomal peptide synthesis, which is described in this study. The enzymes of the first 
group (ligases) are small compared with the usually large modular enzymes of the other 
type and probably activate amino acids as aminoacylphosphates (Ziegler et al., 1998), while 
peptide synthetases activate amino acids by adenylation. The present study deals only with 
the modular nonribosomal peptide synthetases of the second group. 
1.3.1 Nonribosomal peptide synthetases
The  so-called  nonribosomal  peptides  are  formed  by  enzyme  complexes  that  are 
generated ribosomally by standard protein synthesis. The activation of amino acids in the 
multienzymatic process resembles the way amino acids are activated in ribosomal peptide 
synthesis, but the enzymes involved are not structurally or catalytically similar (Pavela 
–Vrancic et al., 1994).
Activation of amino acids (R-COO-) in ribosomal peptide synthesis is catalyzed by 
specific tRNA synthetases (E) and the end products are aminoacyl-tRNAs: 
E + R-COO- + ATP → E[aminoacyl-AMP] + PPi 
E[aminoacyl -AMP] + tRNA → aminoacyl-tRNA + AMP 
In the protein template-directed peptide synthesis substrates (amino acids or hydroxy 
acids, R-COO-) are activated by the adenylation domain (A) of each module and then 
covalently bound as thioesters to the thiolation (peptidyl carrier protein, PCP) domain of 
each module: 
A + R-COO- + ATP → A[R-CO-AMP] + PPi
A[R-CO-AMP] + PCP-SH → R-CO-S-PCP + AMP 
In ribosomal peptide synthesis, peptide bond formation is directed by ribosomes and 
mRNA acts as a template determining the amino acid sequence of the product (Fig. 2). The 
number of naturally incorporated amino acids in ribosomal peptides is restricted to 20 coded 
for by the triplets in mRNA. 22 23
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In nonribosomal peptide synthesis, modular proteins with multiple activities catalyze 
the assembly of the peptides and simultaneously serve as templates (Fig. 2). In addition to 
the proteinogenic amino acids, hydroxy acids, pseudo and nonproteinogenic amino acids 
also serve as substrates for the thiotemplate machinery. More than 300 direct precursors are 
known (Kleinkauf and von Döhren, 1996). In the biosynthesis process they can be modified 
in various ways by the integrated domains or by functions coded for by separate genes, 
leading to an enormous diversity of linear or cyclic peptides. The sizes of these peptides 
range from 2 to 48 amino acids (Kleinkauf and von Döhren, 1996) in contrast to ribosomal 
peptides, which can consist of more than 3000 amino acid residues.
In 1954 Fritz Lipmann already proposed a model of polypeptide synthesis on a protein 
template analogous to that of fatty acid synthesis (Lipmann, 1954). Cell extract studies in 
the 1960s proved that small peptides can be produced without ribosomes (Berg et al., 1965; 
Yukioka et al., 1965; Tomino et al., 1967; Gevers et al., 1968, 1969; Kleinkauf et al., 1969). 
The basic features of the biosyntheses of gramicidin S and tyrocidine, the antibiotic peptides 
produced by certain strains of Brevibacillus brevis, were already mainly determined at that 
time. Further studies during the 1970s improved understanding of the biochemical reactions 
in nonribosomal peptide synthesis and showed that it is carried out via the thiotemplate 
pathway (Lipmann, 1971, 1980; Kurahashi, 1974). The model in use at that time postulated 
the existence of multienzyme systems that catalyze the activation of substrate amino acids 
in two steps, including aminoacyl adenylates and thioesters as intermediates. It was also 
shown that phosphopantetheine is needed as a cofactor (Kleinkauf et al., 1970; Lee and 
Lipmann, 1974; Akers et al., 1977).
The  first  peptide  synthetase  genes  for  syntheses  of  the  antibiotics  tyrocidine  and 
gramicidin S were sequenced in 1988 and 1989 (Weckermann et al., 1988; Hori et al., 1989; 
Krätzschmar et al., 1989; Mittenhuber et al., 1989). The sequences of the tyrocidine and 
gramicidin S synthetases were strikingly similar (Hori et al., 1989). Sequence comparison 
of an increasing number of peptide synthetases suggested a modular structure for these 
enzymes (Turgay et al., 1992) (Fig. 2), which was subsequently confirmed by deletion 
experiments (Stachelhaus and Marahiel, 1995) . 
The role of a serine residue as the phosphopantetheine-binding site in the thiolation 
(peptidyl carrier) domains was first demonstrated by Schlumbohm et al. (1991) by labeling 
the reaction centers with radioactive substrate amino acids. This important element of the 
thiotemplate mechanism and the multiple carrier mode of nonribosomal peptide synthesis 
were later verified by Stein et al. (1994, 1996) by mass spectrometry and amino acid 
analysis. Their results gave evidence that each amino acid-activating module carried a 
phosphopantetheine cofactor. This was an improvement on Lipmann’s original thiotemplate 
mechanism, which assumed a single central pantetheine arm and a cysteine residue for 
amino acid binding in the peptide synthetase.
Posttranslational modification by adding the phosphopantetheinyl group is needed to 
make peptide synthetases functional (Walsh et al., 1997). The 4’-phosphopantetheine is 
transferred by a phosphopantetheinyl transferase from coenzyme A (CoA) to a specific 
serine  residue  in  each  thiolation/peptidyl  carrier  domain  of  the  nonribosomal  peptide 
synthetase (Lambalot et al., 1996; Walsh et al., 1997). This modification converts the 
protein from the inactive apo form to the active holo form. The acyl carrier proteins (ACPs) 
of polyketide synthase (PKS) and fatty acid synthase are also modified in this manner 
(Walsh et al., 1997).24 25
1.3.2 Modular structure of peptide synthetases 
In  ribosomal  and  nonribosomal  peptide  synthesis,  the  activation  of  amino  acids  is 
followed by peptide bond formation and the steps are repeated until the final length of the 
peptide is attained (Fig. 3). The nonribosomal peptide synthetases are composed of modules 
containing the functional domains needed for each of these reactions (von Döhren et al., 
1997; Marahiel et al., 1997). The order and number of the modules determine the sequence 
and length of the peptide. The basic module is built of domains for adenylation, thiolation 
and condensation (Fig. 3). The adenylation domain comprises roughly 550 amino acids (aa) 
and is responsible for the recognition and activation of an amino acid. The thiolation domain 
(about 80 aa) is the site for the binding of substrate as a thioester. The formation of the 
peptide bond is catalyzed by the condensation domain, of approximately 400 aa in length 
(Fig. 3). Modifying activities, such as N-methylation and epimerization, are frequently 
found in peptide synthetases. The termination of nonribosomal peptide biosynthesis and 
release of the product via hydrolytic cleavage or intramolecular cyclization is catalyzed by 
thioesterase (TE) activity. TE can be integrated in the C-terminus of the last module as a 
domain of about 250 aa, or it is a distinct enzyme coded by a separate gene (Schneider and 
Marahiel, 1998; Trauger et al., 2000; Kohli et al., 2001).
1.3.3 Substrate specificity of peptide synthetases
One important characteristic of a NRPS is that the amino acid sequence of the catalyzed 
peptide in an organism is variable. This results mainly from the only moderate substrate 
specificity of many modules in peptide synthetases (Ruttenberg and Mach, 1966; Lawen 
and Traber, 1993; Peypoux et al., 1994). However, some positions of a particular peptide 
are significantly more resistant to replacement than others, reflecting the importance of the 
residues in these positions for the function of the product. For instance, the synthetase of the 
cyclic undecapeptide cyclosporin (produced by the fungus Tolypocladium niveum) shows 
low specificity of the amino acids at positions 2 and 8, moderate specificity at positions 5 
and 11, and very high specificity at position 3 (Lawen and Traber, 1993). 
The adenylate domain was shown to play a role in selecting the amino acid substrates 
(Stachelhaus and Marahiel, 1995; Dieckmann et al., 1995). The structural basis of substrate 
binding  was  revealed  when  the  structure  of  the  adenylation  domain  of  gramicidin  S 
synthetase 1 (GrsA), complexed with phenylalanine and adenosine monophosphate (AMP), 
was determined by crystallization (Conti et al., 1997). GrsA activates phenylalanine in 
gramicidin S biosynthesis of Brevibacillus brevis (formerly Bacillus brevis). By comparing 
the sequence of the phenylalanine-binding pocket with the adenylation domain sequences 
in the databases, Stachelhaus et al. (1999) presented the selectivity-conferring code (or 
specificity  code)  of  10  amino  acids  for  adenylation  domains.  Rules  for  inferring  the 
substrate specificity were developed, and these rules were tested by mutations (Stachelhaus 
et al., 1999). Challis et al. (2000) used information on the crystal structure of GrsA to 
develop a computer method for finding specificity codes from the amino acid sequences 
of adenylation domains. Based on these two studies it is possible to deduce which amino 
acid is the substrate from the amino acid sequence of an adenylation domain. However, 
there should be a verified precedent for the specificity code in the databases to make the 
prediction reliable. Information on the amino acids in the substrate-binding pockets is used 
for the rational alteration of substrate specificity and thus for changing the structure of 
nonribosomal peptides (Stachelhaus et al., 1999; Eppelmann et al., 2002). The studies of 
Belshaw et al. (1999) and Ehmann et al. (2000) showed that the condensation domain also 
acts selectively during the synthesis of nonribosomal peptides. 26 27
1.3.4 Colinearity between peptide synthetases and their products
In  many  NRPS  gene  clusters  the  order  of  the  coded  activities  is  colinear  with  the 
structure of the product, and the number of modules is the same as the number of residues 
in the finished peptide (von Döhren et al., 1997; Marahiel et al., 1997). Consequently, it is 
possible by analysing the sequence of the NRPS genes to deduce the composition of the 
peptide, provided the substrate specificities of the adenylation domains are known. Which 
amino acid is activated by an adenylation domain can in many cases be deduced from the 
gene sequence. This is made possible by comparing the so-called selectivity-conferring code 
of the adenylation domain with the known precedents, as described by Stachelhaus et al. 
(1999) and Challis et al. (2000). The reverse is also valid: based on structural information 
the genes of a particular synthetase can be identified from a strain that produces more than 
one nonribosomal peptide. Currently, several nonlinear NRPSs are known, including the 
synthetases of syringomycin (Guenzi et al., 1998), yersiniabactin (Gehring et al., 1998), 
mycobactin (Quadri et al., 1998) and bleomycin (Du et al., 2000).
Some  peptides  are  assembled  by  the  iterative  use  of  modules  or  domains,  so  that 
the peptide chain is composed of smaller repeated units. Examples of this type are the 
synthetases of enterobactin from Escherichia coli (Gehring et al., 1997) and of gramicidin 
S from Brevibacillus brevis (Kohli et al., 2001). The activities and number of modules 
correspond only to a single set of the repetitive structure of the product. 
1.4 Biosynthesis of polyketides 
1.4.1 Types of bacterial polyketide synthases
Polyketides are products of a biosynthetic process analogous to fatty acid biosynthesis. 
All polyketide synthases (PKSs) use small acyl coenzyme A (acyl CoA) units such as acetyl, 
propionyl,  malonyl  or  methylmalonyl  CoA  in  sequential  decarboxylative  condensation 
reactions to form linear or cyclic carbon backbones. The wide variety in the structures of 
polyketides is the result of miscellaneous starter substrates, differences in the number and 
type of elongation units and modifications catalyzed by tailoring activities. Many different 
acyl CoA esters may act as the starter unit. In addition to the modifying activities coded 
by PKS genes, polyketides may be modified after synthesis by metabolic enzymes not 
exclusively associated with polyketides. 
Polyketide  synthases  have  been  classified  according  to  the  structural  resemblance 
with the fatty acid synthases. Type I PKSs are structurally similar to the class I fungal 
and vertebrate fatty acid synthases, since they are large modular proteins carrying all the 
active domains required for the polyketide synthesis. The basic module contains an acyl 
transferase (AT), a ketosynthase (KS) and an acyl carrier protein (ACP) domain, where the 
phosphopantetheine cofactor is bound. Some but not all PKS modules have one or more 
of the following additional activities: ketoreductase (KR), dehydratase (DH) and enoyl 
reductase (ER). The organization and number of the modules in type I PKS determine the 
size and structure of the product. The gene cluster from Saccharopolyspora erythraea for 
the biosynthesis of the macrolide antibiotic erythromycin is a good example of the class I 
polyketide synthases (Hopwood, 1997).
In type II PKSs the catalytic activities are on separate polypeptides as in the type II 
fatty acid synthases of bacteria and fungi. Type II PKS enzymes work repetitively and are 
typically involved in the biosynthesis of aromatic antibiotics in bacteria. They have no 26 27
Figure  3.  General  models  for  modular  nonribosomal  peptide  synthetases  and  modular 
polyketide synthases.
Hypothetical two-modular nonribosomal peptide synthetase (NRPS, A) and polyketide synthase 
(PKS, B), are compared. 
A. The first module of the NRPS is the loading module containing typically adenylation (A1) and 
peptidyl carrier (thiolation) domains (PCP) followed here by the epimerase domain, which often 
forms the C-terminus of the protein when present. The second NRPS module, a separate protein, 
consists of condensation (C), adenylation (A2), N-methyltransferase (MT), peptidyl carrier (PCP) and 
thioesterase (TE) domains. When present, the MT domain is embedded in the adenylation domain. 
NRPSs use amino acids (or hydroxy acids) as substrates, which are activated as adenylates by the 
adenylation domains and then bound as thioesters to the phophopantetheine groups of the PCP 
domains. The C domains catalyze the condensation reactions. The common modifications found 
in  nonribosomal  peptides  are  epimerization  and  N-methylation  catalyzed  by  the  corresponding 
domains. 
B. In the sample PKS are two modules in one protein: the first is the loading module with acyl 
transferase (AT) and acyl carrier domains (ACP). The second module includes ketosynthase (KS), 
dehydratase (DH), enoyl reductase (ER), ketoreductase (KR) and thioesterase (TE) domains in 
addition to AT and ACP domains. Many different esters of coenzyme A (CoA) can serve as starter 
molecules for PKSs, whereas the extending unit frequently is malonyl CoA. The AT domains transfer 
substrates to the phophopantetheine groups of the ACP domains. The KS domains catalyze the 
elongation steps of the carbon chain. Thus, AT, ACP and KS domains correspond to the adenylation, 
peptidyl carrier and condensation domains of NRPSs, respectively.The KR domain alone or together 
with either the DH or ER domains, or both, catalyzes the alternative reductions of polyketides. 
The terminal thioesterase domain releases the finished product from NRPS and PKS by hydrolysis 
or cyclization.
A.
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distinct AT but use the malonyl transferase of fatty acid synthesis. Furthermore, particular 
type II PKS genes encode a protein called chainlength factor (CLF), which is similar to the 
KSs. Another distinction is that the aromatases and/or cyclases are used for ringmaking in 
type II PKSs. A good model for this class is the biosynthesis of the aromatic polyketide 
antibiotic actinorhodin in Streptomyces coelicolor (Hopwood, 1997).
By translating the genes of type I PKS it is possible to suggest the size and structure of 
the product that the encoded polypeptides manufacture. This is not possible with the type 
II PKS genes, because the order and number of repeated reactions cannot be deduced from 
the sequences. 
The third class of PKSs, which was originally found in plants and recently in bacteria 
(Moore and Hopke, 2001), is different from other polyketide synthases and all fatty acid 
synthases. The class III PKSs are essentially rather small condensing enzymes using acyl 
CoA substrates directly and repeatedly without AT and ACP. However, there are now many 
examples illustrating several exceptions to the concept of PKS types I, II and III (Shen, 
2003; Müller, 2004).
1.4.2 Bacterial mixed nonribosomal peptide synthetases/ polyketide 
synthases
There  are  many  structural  (Fig.  3)  and  catalytic  similarities  between  nonribosomal 
peptide synhetases and modular polyketide synthases. Therefore, the finding of cooperative 
or integrated systems, which use both the NRPS and PKS modules, is natural. To date, 
several gene clusters coding for the mixed nonribosomal peptide synhetases/polyketide 
synthases are known (Table 8), but only a few that have the combined NRPS/PKS gene(s). 30 31
2. Aims of the present study
Cyanobacteria  produce  a  wide  variety  of  bioactive  compounds,  including  toxic 
microcystins that cause health problems for animals and humans. Cyanobacteria producing 
microcystin  cannot  be  differentiated  from  nonproducers  based  on  their  morphology. 
Microcystins can be detected in natural samples by biotests and chemical or biochemical 
analyses, but the producer strain(s) may remain unknown without isolation. New molecular 
biological methods are needed to characterize the toxic strains. Revealing the genes of 
microcystin  biosynthesis  is  the  basis  for  developing  tools  to  identify  toxin  producers. 
Anabaena is an important toxin producer in freshwaters from Finland (Sivonen et al., 
1990). Therefore  Anabaena  90,  which  in  addition  to  microcystins  produces  two  other 
types of cyclic peptide (anabaenopeptilides and anabaenopeptins), was selected as a model 
to investigate the genetics of the nonribosomal peptide synthesis/polyketide synthesis in 
cyanobacteria. 
The specific aims of this study were:
1) To  use  the  cyanobacterial  tandemly  repeated  sequence  for  distinguishing 
Anabaena strains (I)
2) To screen cyanobacterial strains for the presence of peptide synthetases (II)
3) To  clone  and  characterize  the  genes  coding  for  the  biosyntheses  of 
anabaenopeptilides and microcystins of Anabaena strain 90 (III and IV)30 31
3. Materials and Methods
The cyanobacterial strains used were mostly from the collection of Kaarina Sivonen 
maintaned in the Department of Applied Chemistry and Microbiology at the University 
of  Helsinki.  In  addition,  strains  from  other  culture  collections  were  included:  Pasteur 
Culture  Collection  (PCC),  Paris,  France;  Microbial  Culture  Collection  of  the  National 
Institute for Environmental Studies (NIES), Tsukuba, Japan; University of New South 
Wales Culture Collection (UNSW), Sydney, Australia; Culture Collection of Australian 
Water Technologies (AWT), Sydney, Australia; Culture Collection of Humboldt University 
(HUB), Berlin, Germany; Culture Collection of Norwegian Institute for Water Research 
(CYA) Oslo, Norway (Table 10).
Anabaena  90,  isolated  in  Finland  from  L. Vesijärvi  in  1986  (Sivonen  et  al.,  1992) 
produces three microcystins (Sivonen et al., 1992) and two other cyclic peptides, two 
anbaenopeptilides and three anabaenopeptins (Fujii et al., 1996). Anabaena 90 was used 
in this study for cloning and characterization of the genes encoding the biosyntheses of the 
anbaenopeptilides and the microcystins (III and IV).
The experimental procedures used in this study are listed in Table 9 and they are presented 
in more detail in I - IV.
Table 9. Experimental procedures used in this study. The methods are 
described in the original publications, referred to by the Roman numerals. 
Experimental procedure Publication
Culturing of cyanobacteria I II III IV
Purification of cyanobacteria to axenic cultures I
Determination of chlorophyll a concentration I III
Isolation and purification of genomic DNA from cyanobacteria I II III IV
Plasmid isolation from cyanobacteria I
Agarose gel electrophoresis I  
Radioactive labeling of DNA I  II III
Southern hybridization I   III
Dot-blot hybridization   II
Colony hybridization III IV
DNA amplification by polymerase chain reaction (PCR)   II III IV
Construction of genomic library III
Enzyme-linked immunosorbent assay (ELISA) II
Protein phosphatase inhibition assay II
High pressure liquid chromatography (HPLC) II
Matrix-assisted laser desorption ionization-time of flight mass 
spectrometry (MALDI TOF-MS)
III
Protein expression in Escherichia coli III
Isolation and fractionation of proteins III
Western blotting and immunodetection of proteins   III
DNA sequencing II III IV
Bioinformatics III IV
Insertion mutagenesis III
DNA transfer by electroporation III32 33
Table 10. Origin of cyanobacterial strains used in this study and their 
toxicities. 
Strain Toxicity/toxin(s)a Origin
Anabaena circinalis AWT 006 N/saxitoxins Australia
Anabaena cylindrica NIES 19 Nontoxic England
Anabaena sp. strain 14  N/anatoxin-a Finland
Anabaena sp. strain 37  N/anatoxin-a Finland
Anabaena sp. strain 54 N/anatoxin-a Finland
Anabaena sp. strain 79  N/anatoxin-a Finland
Anabaena sp. strain 86  N/anatoxin-a Finland
Anabaena sp. strain 123  N/anatoxin-a Finland
Anabaena sp. strain 130  N/anatoxin-a Finland
Anabaena sp. strain 66A  H/microcystins Finland
Anabaena sp. strain 66B  H/microcystins Finland
Anabaena flos-aquae CYA 83/1  H/microcystins Norway
Anabaena sp. strain 90  H/microcystins Finland
Anabaena sp. strain 186  H/microcystins Finland
Anabaena sp. strain 202A1  H/microcystins Finland
Anabaena sp. strain 202A2  H/microcystins Finland
Anabaena sp. strain 277 Nontoxic Finland
Anabaena sp. strain 299A Nontoxic Finland
Anabaena sp. strain 302 Nontoxic Finland
Aphanizomenon sp. strain 3 N/anatoxin-a Finland
Aphanizomenon sp. strain 301 Nontoxic Finland
Aphanizomenon sp. strain TR18 Nontoxic Finland
Aphanizomenon sp. strain 202 Nontoxic Finland
Aphanizomenon flos-aquae NIES 81 Nontoxic Japan
Cylindrospermopsis raciborskii AWT 205 Cylindrospermopsin Australia
Lyngbya sp. strain AWT 211 Nontoxic Australia
Microcystis aeruginosa PCC 7806 H/microcystins The Netherlands
Microcystis aeruginosa HUB 524 H/microcystins Germany
Microcystis aeruginosa PCC 7820 H/microcystins Scotland
Microcystis wesenbergii NIES 107 H/microcystins Japan
Microcystis viridis NIES 102 H/microcystins Japan
Microcystis sp. strain AWT 139 H/microcystins Australia
Microcystis sp. strain UNSW CP1 H/microcystins Australia
Microcystis sp. strain 98  H/microcystins Finland
Microcystis sp. strain 199  H/microcystins Finland
Microcystis sp. strain 205 H/microcystins Finland
Microcystis aeruginosa PCC 7005 Nontoxic United States
Microcystis aeruginosa NIES 99 Nontoxic Japan32 33
Microcystis elabens NIES 42 Nontoxic Japan
Microcystis sp. strain HUB 53 Nontoxic Germany
Microcystis sp. strain 130  Nontoxic Finland
Microcystis sp. strain 265  Nontoxic Finland
Microcystis sp. strain 269  Nontoxic Finland
Nodularia spumigena PCC 73104  H/nodularin Canada
Nodularia spumigena BY1 H/nodularin Finland
Nodularia spumigena HEM  H/nodularin Finland
Nodularia spumigena NSO  H/nodularin Australia
Nodularia sphaerocarpa HKVV Nontoxic Finland
Nostoc/Anabaena sp. strain 7120 Nontoxic United States
Nostoc commune NIES 24 Nontoxic Japan
Nostoc punctiforme PCC 73120 Nontoxic Australia
Nostoc sp. strain 268  Nontoxic Russia
Nostoc sp. strain 152  H/microcystins Finland
Oscillatoria agardhii NIES 204 H/microcystins Japan
Oscillatoria agardhii 1/1  Nontoxic Finland
Oscillatoria agardhii 2  Nontoxic Finland
Oscillatoria agardhii 18 Nontoxic Finland
Oscillatoria agardhii 18R  H/microcystins Finland
Oscillatoria agardhii 27  Nontoxic Finland
Oscillatoria agardhii 45  Nontoxic Finland
Oscillatoria agardhii 49 H/microcystins Finland
Oscillatoria agardhii 97  H/microcystins Finland
Oscillatoria agardhii CYA 126  H/microcystins Finland
Oscillatoria agardhii 128 H/microcystins Finland
Oscillatoria agardhii 195  H/microcystins Finland 
Oscillatoria agardhii 209  H/microcystins Finland
Oscillatoria agardhii 214  H/microcystins Finland
Oscillatoria agardhii 223 H/microcystins Finland
Oscillatoria agardhii 226  H/microcystins Finland
Oscillatoria agardhii 193  N/anatoxin-a Finland
Plectonema sp. strain UNSW 901700 Nontoxic United States
Pseudanabaena sp. strain AWT 300 Nontoxic Australia 
Synechococcus sp. strain AWT 400  Nontoxic Australia
a N, neurotoxic; H, hepatotoxic.34 35
4. Results
4.1 Use of DNA probes to differentiate toxic cyanobacteria 
4.1.1 Repeated heptamer oligonucleotide as a probe
To  characterize  the  planktonic  cyanobacteria  isolated  from  lakes  in  Finland,  the 
cyanobacterial strains were first purified axenic (I, Table 1). Most of the strains tested were 
toxic, producing neurotoxic anatoxin-a or hepatotoxic microcystins (I, Tables 1 and 2). 
The short tandemly repeated DNA sequence (CCCCAGT) was found at many locations 
in  the  genomes  of  Anabaena,  Nostoc  and  Calothrix  strains  (Bauer  et  al.,  1993).  The 
oligonucleotide (GGGGACTGGGGACTGGGGACTGGGG), which contains three and a 
half times the reversed and complementary sequence of the repeat, was chosen as a probe 
to explore the presence of the tandem repeats in newly purified strains. The hybridization 
results were utilized to assess the prospects for distinguishing cyanobacterial strains by 
using that probe (I, Table 1). The target sequence was found at many locations of the 
genomes of Anabaena and of two Nostoc strains (I, Fig. 1 and 2), but in only one short (1.2-
1.3 kb) genomic segment of three Microcystis strains (six strains were tested; I, Table 1). 
No Oscillatoria/Planktothrix strain had this heptamer repeat sequence in its genome. The 
difference in number of genomic sites carrying the repeat and in the number of heptamer 
copies was seen in Anabaena and Nostoc as well as strong clustering of this sequence in 
some Anabaena strains. This method clearly differentiated Nostoc from Anabaena and the 
hepatotoxic Anabaena strains from the neurotoxic strains and is thus suitable for comparing 
the filamentous heterocystous cyanobacteria, which are closely related. 
4.1.2 Detection of the producers of microcystins and other nonribosomal 
peptides with molecular probes and the polymerase chain reaction (PCR)
Molecular methods were used to detect cyanobacteria, which are potential producers of 
microcystins and of other nonribosomal peptides (II). The microcystin synthetase specific 
primers (FAA and RAA; II, Table 1) were designed to amplify by the polymerase chain 
reaction a fragment of the microcystin synthetase gene (mcyB) from microcystin-producing 
cyanobacteria (MS-PCR; II). The general, degenerate, peptide synthetase primers (MTF2 
and  MTR),  which  were  based  on  the  conserved  motifs  in  the  nonribosomal  peptide 
synthetases, were selected to enable the amplification of any peptide synthetase gene (II, 
Table 1). 
The hybridization results with the gene probes were compared with the above-mentioned 
PCR methods (II, Table 2). The peptide synthetase gene probes were from Anabaena 90 
(the 2.0- and 2.4-kb fragments of a peptide synthetase gene; II). The microcystin synthetase 
probe was from Microcystis aeruginosa HUB 524 (the 1.15-kb clone of mcyB; II). 
The DNA samples for the PCR experiments were mainly from strains known to be 
producers  or  nonproducers  of  microcystins  or  nodularin  (II,  Table  2).  The  neurotoxic 
Anabaena strains were not investigated with PCR, because peptide synthetase sequences 
were not found in these strains with hybridizations (II, Fig. 2B and C). 
The  results  from  both  the  hybridizations  and  the  PCR  to  find  the  mcyB  genotypes 
correlated well with each other and with the production of microcystin or nodularin. The 
intensity of the hybridization signals differed between samples (II, Fig. 2B). From these 34 35
results we concluded that there were dissimilarities in the sequence of mcyB from different 
species. 
The peptide synthetase PCR using the primers MTF2 and MTR gave positive amplification 
results with all the tested strains, excluding a Synechococcus strain (II, Table 2). This showed 
that the nonribosomal peptide synthetase genes are commonly found in cyanobacteria. The 
peptide synthetase gene probes of Anabaena 90 (the 2.0- and 2.4-kb fragments) hybridized 
to the DNA from toxic (microcystin- and nodularin-producing, 9/19) and from nontoxic (3/
12) strains (II, Fig. 2C). This suggests that sequences similar to the peptide synthetase gene 
probes may be present in producers and nonproducers of microcystin or nodularin and thus 
are not necessarily connected with toxin biosynthesis. The neurotoxic strains (5/36) were 
negative in those hybridizations with the mcyB probe and the peptide synthetase probes (II, 
Fig. 2B and C). This result indicates that the neurotoxic strains investigated do not have 
similar sequences in the genomes. 
4.2 Biosynthetic gene cluster of the anabaenopeptilides from Anabaena 90
A 40-kb region from the genome of Anabaena 90 was characterized to identify the genes 
coding for the biosynthesis of anabaenopeptilides (Table 11) (III). It was found to contain 
three genes named apdA, apdB and apdD coding for nonribosomal peptide synthetases, 
having seven modules in total. Further three genes (apdC, apdE and apdF) code for a 
halogenase, a methyltransferase and a reductase, respectively. 
Table 11. Deduced functions coded by the gene cluster for the 
anabaenopeptilide synthetase (III)
Genes and modules Size (aa)(MW) Proposed functionsa Activated amino acidb
apdA 2258 (253 034 Da )  NRPS domains
  module 1 F, A , T (PCP) Glutamine
  module 2 C, A, PCP Threonine
apdB NRPS domains
  module 3 5060 (566 213 Da) C, A, PCP (Homotyrosine)
  module 4   C, A, PCP (Glutamic acid/glutamine)
  module 5 C, A, MT, PCP Threonine
  module 6 C, A, MT, PCP Tyrosine
apdC 625 (71 980 Da) Halogenase
apdD 1383 (155 393 Da) NRPS domains
  module 7 C, A, PCP, TE Isoleucine
apdE 263 (30 350 Da) Methyltransferase
apdF 245 (25 821 Da) Reductase
a  Abbreviations:  NRPS,  nonribosomal  peptide  synthetase;  F,  formyltransferase  domain;  A, 
adenylation; T, thiolation, also called PCP, peptidyl carrier; C, condensation; MT, N-methyltransferase; 
TE, thioesterase. 
b Amino  acid  activated  by  each  module  as  determined  from  the  specificity  codes  according 
to  Stachelhaus  et  al.,  (1999)  or  proposed  from  the  structure  of  the  anabaenopeptilides  (in 
parenthesis).36 37
The total length of these genes was 29 kb. The order of the functional units coded for 
by the NRPS genes was found to be colinear with the sequence of the amino acids in the 
anabaenopeptilides (Table 11; III, Fig. 1). The gene apdC is the only halogenase gene 
reported in cyanobacteria to date. A BLAST search of ApdC resulted in highest similarity 
to the halogenase of Xanthomonas campestris pv. campestris str. ATCC 33913 (identity 
of  37%  and  similarity  of  53%  in  479  amino  acids). The  halogenase  of  Pseudomonas 
fluorescens,  PltA,  was  28%  identical  and  43%  similar  in  353  amino  acids,  and  the 
halogenase of Amycolatopsis balhimycina was 25% identical and 43% similar in 268 amino 
acids. The formyltransferase domain found in the N-terminus of ApdA was the first reported 
in nonribosomal peptide synthetases and showed low similarity to the bacterial methionyl-
tRNA formyltransferases (about 30% identity, 45% similarity in 200 amino acids). Four 
genes were found upstream of the NRPS genes (Table 12); three of these were similar to 
the genes coding for the known functions (Table 12). The knockout mutant, which resulted 
from insertion of the chloramphenicol resistance gene in the start of apdA (Fig. 8, III), did 
not produce the anabaenopeptilides (III, Fig. 7), but still produced anabaenopeptins and 
microcystins (III, Fig. 7), confirming that the apd gene cluster is specifically responsible for 
biosynthesis of the anabaenopeptilides. 
Table 12. ORFs upstream from the anabaenopeptilide synthetase genes (III).
a Orientation of the open reading frames (ORFs) compared with the translation direction of the 
anabaenopeptilide synthetase genes; ( + ) is the same direction and ( – ) the opposite direction.
b Functions as deduced from the results of the BLAST searches.
c Percentage values from the results of the BLAST searches. 
4.3 Genes for biosynthesis of the microcystins from Anabaena 90
To identify the genes for biosynthesis of microcystins, a gene cluster of 55 kb was 
sequenced and characterized from Anabaena 90 (IV). Two sets of genes transcribed in 
opposite  directions  were  found  (Fig.  1,  IV).  One  assemblage  consisted  of  the  peptide 
synthetase genes mcyA, mcyB and mcyC (Table 13). The other group contained one PKS 
gene (mcyD), one combined NRPS/PKS gene (mcyG), one combined PKS/NRPS gene 
(mcyE) and three genes (mcyJ, mcyF and mcyI) coding for the modifications of amino acids. 
In addition, the last gene of this cluster (mcyH) was similar to those genes that coded for 
a transporting system protein (Table 13). The characterized genes of Anabaena 90, in the 
order mcyG, mcyD, mcyJ, mcyE, mcyF, mcyI and from mcyA to mcyC, coded for functions 
that were found to be colinear with the structure of microcystin-LR and microcystin-RR 
ORFa  Size, amino acids  Proposed functionb Protein homologue  Identity/
similarity
c
ORF1 ( – )  577 Patatin-like protein Patatin, Nostoc 
punctiforme
60/73
ORF2 ( – ) 391 Hypothetical protein Hypothetical protein,  44/62
Anabaena variabilis
ORF3 ( + ) 585 Arginyl-tRNA 
synthetase
ArgS, Nostoc sp. PCC 
7120
80/89
ORF4 ( – ) 612 (incomplete) DNA mismatch repair 
protein
MutS, Nostoc sp. PCC 
7120 
77/8436 37
(Table13; IV, Fig 1). These functions included the C-methyltransferase activities of McyG 
and McyD, and the aminotransferase activity of McyE (Table13) not commonly found in 
polyketide synthases. The sequences of the mcy genes of Anabaena 90 showed high identity, 
from 67% to 81%, to the microcystin synthetase genes of Microcystis aeruginosa PCC 7806 
and K-139, and of Planktothrix agardhii CYA 126 (IV, Table 1). These results support our 
view that the characterized genes code for the biosynthesis of microcystins.
Table 13. Deduced functions coded by the gene cluster for the microcystin 
biosynthesis in Anabaena 90
aPmodule = nonribosomal peptide synthetase module; PKmodule = polyketide synthase module 
bAbbreviations: NRPS, nonribosomal peptide synthetase; A, adenylation; MT, N-methyltranferase; 
PCP, peptidyl carrier; C, condensation; EP, epimerase; TE, thioesterase; PKS, polyketide synthase; 
KS, ketosynthase; AT, acyltransferase, CM, C-methyltransferase; KR, ketoreductase; ACP, acyl 
carrier protein, DH, dehydratase; AMT, aminotransferase. 
cAmino  acid  activated  by  each  module  as  determined  from  the  specificity  codes  according  to 
Stachelhaus et al., (1999) or proposed from the structure of the microcystins, in parenthesis.
dAcyl group incorporated by PKS, and other group added by tailoring domain/enzyme (in square 
brackets).
Genes and 
modulesa
Amino 
acids 
(MW) Functionsb Activated amino acidc 
or incorporated groupd
mcyA 8 354  (315 663 Da) NRPS domains
  Pmodule 1 A, MT, PCP Serine
  Pmodule 2 C, A, PCP, EP Alanine
mcyB 2 133 (243 072 Da) NRPS domains
  Pmodule 3 C, A, PCP (Leucine/Arginine)
  Pmodule 4 C, A, PCP (Aspartic acid/
Methylasparticacid)
mcyC 1 284 (146 877 Da) NRPS domains
  Pmodule 5 C, A, PCP, TE (Arginine)
mcyG 2 635  (292 851 Da) Mixed NRPS/PKS domains
   Pmodule 6  A, PCP/(ACP) (Phenylacetyl)
   PKmodule 1 KS, AT, CM, KR, ACP Acetyl [methyl]
mcyD 3 869  (430 216 Da) PKS domains
   PKmodule 2 KS, AT, DH, CM, KR, ACP Acetyl [methyl]
   PKmodule 3 KS, AT, DH, KR, ACP Acetyl
mcyE 3 482  (388 735 Da) Mixed PKS/NRPS domains
   PKmodule 2 KS, AT, ACP, CM, AMT  Acetyl [amino]
   Pmodule 7   C, A, PCP, C (Glutamic acid)
mcyF 252 (28 426 Da) Racemase
mcyI 337 (36 750 Da) Dehydrogenase
mcyJ 310 (35 812 Da) Methyltransferase
mcyH 592 (67 731 Da) ABC transporter ATP-binding38 39
5. Discussion
Cyanobacterial strains producing toxic microcystins have been found within the same 
species  together  with  nontoxic  strains  and  cannot  be  discriminated  by  morphological 
attributes.  Chemical,  biochemical  or  biological  methods  are  reliable  for  the  detection 
of toxins but do not disclose the producer without isolation of the strain. Isolation and 
purification  of  cyanobacterial  strains  is  a  difficult  and  time-consuming  task.  Genetic 
methods have been used to differentiate between toxic and nontoxic cyanobacterial species 
or strains. Sequencing of the ribosomal RNA (rRNA) genes and the intergenic spacer of the 
phycocyanin operon (PC-IGS) was performed to classify and determine the phylogenetic 
relationships between the toxic and nontoxic strains of Microcystis (Neilan et al., 1997; 
Tillett et al., 2001) and other cyanobacteria (Lyra et al., 2001; Gugger et al., 2002). These 
studies showed that toxic and nontoxic strains were dispersed among the different groups 
of Microcystis or of other cyanobacteria and could not be distinguished by methods based 
on the sequences of the rRNA or phycocyanin genes. Aplication of similar techniques to 
Nodularia (Lehtimäki et al., 2000; Laamanen et al., 2001) showed that toxic and nontoxic 
strains were genetically distinct, and that only one species which produces nodularin, forms 
toxic blooms in the Baltic Sea. 
Molecular tools based on the biosynthesis genes are a good option for recognizing the 
toxin producers. Prior to finding the microcystin synthetase genes, the repeated heptamer 
sequence  (GGGGACTGGGGACTGGGGACTGGGG)  was  used  here  as  a  probe  to 
differentiate the cyanobacteria. This probe is based on the insert sequence originally found 
in the nifJ gene of Anabaena/Nostoc 7120 (Bauer et al., 1993). As shown in I, hybridization 
with the repeated heptamer probe discriminated the neurotoxic strains of Anabaena from 
the hepatotoxic strains, proving that they were genetically different. This was supported 
later by phylogenetic studies (Lyra et al., 2001; Gugger et al., 2002), which showed that the 
neurotoxic and hepatotoxic strains belonged to different clusters in the phylogenetic tree of 
Anabaena.
The  repeated  sequence  (CCCCAGT)  detected  in  I  proved  to  be  specific  for  the 
heterocystous  cyanobacteria  tested,  since  it  was  not  found  in  Oscillatoria/Planktothrix 
strains and only at a single chromosomal location in Microcystis strains (I). In addition, 
the repeated sequence was found at several locations in the genomes of the Nodularia 
strains from the Baltic Sea and from Australia (Lehtimäki et al., 2000). Mazel et al. (1990) 
demonstrated that the repeated sequences found in the Calothrix genome were specific for 
heterocystous cyanobacteria. 
It was shown that toxic and nontoxic Microcystis strains carry sequences in their DNA that 
are similar to the sequences of peptide synthetase genes (Meissner et al., 1996). To examine 
the presence of microcystin synthetase genes and/or of other peptide synthetase genes in 
several cyanobacterial genera, different methods were utilized. Dot-blot hybridization with 
probes (fragments of the microcystin synthetase gene mcyB of Microcystis aeruginosa 
and peptide synthetase gene of Anabaena sp. 90) was used to determine, which strains 
have the genes (or at least parts of the genes) for the biosynthesis of these two peptide 
families. Microcystin synthetase specific (FAA and RAA for mcyB gene) and the general, 
degenerated peptide synthetase primers (MTF2 and MTR for any peptide synthetase gene) 
were  employed  with  PCR  to  detect  the  potential  producers  of  microcystins  and  other 
nonribosomal peptides (II). 
The results of the hybridizations suggested (II, Fig. 2) that many (11/19 strains tested) of 
the microcystin- or nodularin-producing strains also contained the genes of the other peptide 38 39
synthetases. This was supported by the finding that microcystin or nodularin are frequently 
produced together with other small peptides (Fujii et al., 1997, 2000; Fastner et al., 2001). 
The general primers (MTF2 and MTR), which were based on the conserved motifs in the 
peptide synthetases, consequently amplified the microcystin or nodularin synthetase genes 
in PCR (II, Table 2). Therefore, the results from experiments with the general primers do 
not reveal whether the microcystin- or nodularin-producing strains also have synthetase 
genes for peptides other than microcystins or nodularin. Comparison of the results obtained 
with the two primer sets (the general peptide synthetase and the microcystin synthetase 
primers, MS-PCR primers) confirmed the hybridization results. These results indicated 
that several strains of different species were potential producers of nonribosomal peptides 
other than microcystins or nodularin. Peptide synthetase genes were also detected in various 
cyanobacterial genera in the culture collection of Pasteur Institute (Christiansen et al., 
2001). These findings are in agreement with reports showing that putative nonribosomal 
peptides are produced by several cyanobacterial strains of different genera (Moore, 1996; 
Namikoshi and Rinehart, 1996; Burja et al., 2001). 
Dittmann et al. (1997) first showed by insertional mutagenesis that microcystins are the 
products of nonribosomal peptide synthesis. The first characterized gene clusters, which code 
for the biosynthesis of nonribosomal peptides in cyanobacteria, were the genes coding for 
the synthetases of anabaenopeptilides from Anabaena 90 (this study, III) and of microcystins   
from Microcystis aeruginosa (Nishizawa et al., 1999, 2000; Tillett et al., 2000). To date, the 
microcystin synthetase genes have also been characterized from Planktothrix agardhii CYA 
126 (Christiansen et al., 2003) and from Anabaena 90 (this study, IV). This research has 
made possible the development of detection methods for toxic cyanobacteria (Hisbergues et 
al., 2003; Kurmayer and Kutzenberger 2003; Vaitomaa et al., 2003).
Other peptide synthetase gene sets characterized recently from cyanobacteria code for 
the biosynthesis of barbamide in the marine cyanobacterium Lyngbya majuscula strain 19L 
(Chang et al., 2002), of nostopeptolide A in the terrestrial Nostoc sp. GSV 224 (Hoffmann 
et al., 2003) and of nostocyclopeptides in the terrestrial Nostoc sp. ATCC 53789 (Becker 
et al., 2004). The microcystin synthetases belong to the still smaller group of biosynthetic 
systems that include the combined peptide synthetase/polyketide synthase genes (Table 
8). Anabaenopeptilide and microcystin synthetase gene clusters encode unique functions 
(formyltransferase  and  halogenase,  and  aminotransferase  and  C-methyltransferase, 
respectively; Tables 11 and 13) that are rarely found in the nonribosomal peptide synthetase 
or in the polyketide synthase complexes. 
The structure of the anabaenopeptilide 90B suggests that additions of the formyl group 
and a chlorine atom are needed during biosynthesis of this peptide (III, Fig. 1). This thesis 
shows genetic evidence that these steps are catalyzed by the formyltransferase domain of 
ApdA and by the halogenase ApdC, respectively (Table 11; III). The gene apdC was the first 
halogenase gene found in the cyanobacteria. The halogenase genes characterized previously 
code for the chlorination of antibiotics such as tetracycline in Streptomyces aureofaciens 
(Dairi et al., 1995), pyrrolnitrin and pyoluteorin in Pseudomonas fluorescens (Kirner et 
al., 1998; Nowak-Thompson et al., 1999). Halogenase genes were also found in the gene 
clusters of Actinobacteria coding for the biosynthesis of glycopeptide antibiotics belonging 
to the vancomycin group (van Wageningen et al., 1998; Pelzer et al., 1999; van Pee and 
Unversucht,  2003).  The  halogenases  differ  in  their  sequences  from  the  earlier  known 
nonspecific halogenating enzymes (haloperoxidases; van Pée, 1996; Kirner et al., 1998) 
and in contrast to haloperoxidases show substrate specificity and regioselectivity (Kirner et 
al., 1998; van Pee and Unversucht, 2003). 40 41
The formyltransferase domain of ApdA was the first found in the nonribosomal peptide 
synthetases. Recently the formylation domain was reported in the synthetase of the linear 
gramicidin from Brevibacillus brevis (Bacillus brevis ATCC 8185) (with identity of 35% 
and the similarity of 50% to ApdA; Kessler et al., 2004). 
The anabaenopeptilide and microcystin synthetases provide interesting units for the 
rearrangement of modules and domains to produce new variants of bioactive compounds 
(Mootz et al., 2000; Walsh, 2004). Genetic and biochemical information, particularly on 
communication between the modules, is still not complete enough for successful genetic 
manipulation of the biosynthesis of polyketides and nonribosomal peptides (Du et al., 
2001; Mootz et al., 2002). However, the increasing number of characterized systems of 
the combined polyketide/nonribosomal peptide biosynthesis will aid in understanding the 
structural features that are important for the domains involved in the interactions between 
the PKS and NRPS partners. This understanding makes possible genetic engineering of the 
hybrid compounds, which contain parts formed by PKS and NRPS. 
The biological roles of microcystins and anabaenopeptilides in cyanobacteria are still 
unknown. Microcystins were proposed to be a feeding deterrent for zooplankton and were 
shown to prevent foraging by copepods on cyanobacteria (DeMott and Moxter, 1991). On 
the other hand, it was suggested that microcystins act as siderophores to bind trace metals 
(Utkilen and Gjølme, 1995) or are involved in cell signaling and gene regulation (Dittmann 
et al., 2001). Microcystins are produced in such high amounts in cyanobacterial cells (as 
much as 100 fg per cell or more; Orr and Jones, 1998) that the regulation of genes seems 
unlikely. However, differences in the expression of proteins were observed between the 
wild type Microcystis aeruginosa PCC 7806 and the microcystin-lacking mutant (Dittmann 
et al., 2001). Support for binding of copper and zinc by microcystins was also presented 
(Humble et al, 1997). 
Many of the peptides containing the unique amino acid Ahp (micropeptins, nostopeptins, 
oscillapeptins  and  oscillapeptilides;  Table  2),  are  protease  inhibitors  and  thus  may  be 
targeted  against  the  digestion  process  in  grazing  zooplankton  (Rohrlack  et  al.,  2003). 
The  anabaenopeptilide-deficient  mutant  of  Anabaena  90  constructed  here  produced 
anabaenopeptins in considerably higher concentrations than the wild-type Anabaena 90 
(Repka  et  al.,  2004).  This  suggests  that  anabaenopeptilides  and  anabaenopeptins  may 
have a similar function, which was supported by the result that anabaenopeptilide 90A and 
anabaenopeptin B inhibited a serine protease, trypsin (Repka et al., 2004). The absence of 
anabaenopeptilides had otherwise only slight effects on mutant cells: the mutated cells were 
longer and slightly lighter than the wild-type cells of Anabaena 90 (Repka et al., 2004). 
Many experiments have shown that cyanobacteria produce most microcystins when 
growth  is  optimal  (Sivonen  and  Jones,  1999). The  highest  concentrations  of  peptides, 
microcystins, anabaenopeptilides and anabaenopeptins, were measured in Anabaena 90 
when the conditions were optimal or suboptimal for growth (Rapala et al., 1997; Repka et 
al., 2004). The production of microcystins appears to be constant and loss of production is 
seldom reported (Sivonen and Jones, 1999). One Microcystis aeruginosa strain was found, 
which has the microcystin synthetase genes but does not produce microcystins (Kabernick 
et al., 2001). The site of putative mutation(s) was investigated in the microcystin synthetase 
gene cluster of this Microcystis aeruginosa strain but was not discovered (Kabernick et al., 
2001). No controlling factors have been described that result in the loss of microcystins 
in  growing  producers.  Light  was  shown  to  affect  the  transcription  of  the  microcystin 
synthetase genes in Microcystis aeruginosa PCC 7806 without changing cellular microcystin 
concentrations (Kabernick et al., 2000). 40 41
The phylogenetic analysis of the microcystin synthetase genes (mcyA, mcyD and mcyE) 
from  the  genera  Anabaena,  Microcystis,  Nodularia,  Nostoc  and  Planktothrix  provided 
evidence that the genes are ancient, possibly more than a billion years old (Rantala et al., 
2004). It was suggested that the microcystin synthetase genes were earlier more widely 
present among cyanobacteria than today, but were totally lost during evolution in some 
lineages and partly in others, leading to the sporadic distribution of microcystin production 
(Rantala et al., 2004). 
After all, it is difficult to deduce a function for microcystins or anabaenopeptilides with 
the contradictory information available, the cause of which may be that some cyanobacterial 
peptides play the same or similar role. The probable loss of the microcystin synthetase genes 
by many cyanobacterial species during evolution indicates that the pressure to maintain 
these genes is decreased or has ceased to exist in many environments. Possibly, this still 
continuing process is the reason for not observing the biological function of microcystins 
and other cyanobacterial peptides. More work with the mutated strains on peptide synthetase 
genes, e.g. competition experiments, is needed to determine the role(s) of these peptides in 
cyanobacteria. However, even without knowing the exact significance of nonribosomal 
peptides for cyanobacteria, they have useful biological activities as reagents (microcystins) 
and hopefully also as pharmaceuticals, and cyanobacterial peptides can be used as lead 
structures for developing drugs (Radau and Stürzebecher, 2002). 42 43
6. Conclusions 
Toxic and nontoxic strains of the common freshwater cyanobacterial genera Anabaena, 
Microcystis and Planktothrix cannot be distinguished with traditional taxonomic methods. 
As shown in this thesis, DNA-based methods have the potential for identification of toxin-
producing cyanobacteria.
The repeated sequence was shown in this study to be inserted in several copies at many 
chromosomal locations of Anabaena strains occurring in Finland. Restriction fragment 
length  polymorphism  of  total  DNA,  using  the  repeated  sequence  as  a  probe,  clearly 
differentiated the microcystin- and anatoxin-a-producing Anabaena strains.
The  primers  and  the  probe  based  on  the  microcystin  synthetase  gene  (mcyB)  of 
Microcystis  aeruginosa  detected  microcystin-producing  strains  among  Anabaena, 
Microcystis, Nodularia, Nostoc and Oscillatoria/Planktothrix. Peptide synthetase genes 
other than those coding for microcystin synthetase were found in many cyanobacterial 
strains, using common peptide synthetase primers in PCR or with the apdA gene probes 
in the hybridizations. It was shown by insertional mutagenesis that the cluster of 6 genes 
(30 kbp), from apdA to apdF, is responsible for biosynthesis of the cyclic heptapeptides 
anabaenopeptilides A and B in Anabaena 90. 
A large 55-kb gene cluster was cloned and sequenced, which putatively codes for the 
biosynthesis of microcystins in Anabaena 90. Analysis of the sequence revealed that the 
functions coded for by the genes, from mcyG to mcyI and from mcyA to mcyC, are colinear 
with  the  order  of  the  reactions  needed  for  the  biosynthesis  of  microcystin.  Sequence 
indentity of the microcystin synthetases from Anabaena, Microcystis and Plantothrix varies 
from 67% to 81%, and the order of the genes is dissimilar in these species. The sequence 
data of the three microcystin synthetases, from Anabaena, Microcystis and Plantothrix have 
made it possible to design primers and probes for conventional and quantitative PCR and for 
the microarray technique to detect and identify potential microcystin producers. 
The genes coding for the synthetases for microcystins and anabaenopeptilides encode 
unique functions that can be exploited in genetic engineering of the peptide synthetases to 
construct new peptides. The anabaenopeptilide synthetase genes apdA and apdC code for 
the formylase domain and the halogenase, respectively. Microcystin synthetase includes 
two mixed peptide synthetase/ polyketide synthase genes (mcyG and mcyE) and a gene 
(mcyI) coding for the conversion of serine to dehydroalanine. In addition, there are two 
C-methyltransferase domains and an aminotransferase domain coded for by microcystin 
synthetase genes. These domains and genes, especially the formylransferase domain and the 
halogenase gene, could be used as tools to manipulate structures of nonribosomal peptides. 
Constructing additional mutants of Anabaena 90, which lack the nonribsomal peptides, 
will likely aid in discovering the role played by these peptides in cyanobacteria. To achieve 
this task, the genetic manipulation methods used with Anabaena 90 should be improved. 
Recently, the mutagenesis of Planktothrix agardhii CYA 126, which produces microcystins 
and  other  nonribosomal  peptides,  was  successfully  accomplished  (Christiansen  et  al., 
2003). Therefore, the future number of cyanobacterial mutants deficient in nonribosomal 
peptides will increase and this will promote studies to reveal the function or functions of 
these metabolites. 
The ongoing genomic sequencing projects of Anabaena 90 and Microcystis aeruginosa 
PCC 7806 will greatly increase our understanding of how these microcystin producers differ 
from other, nontoxic cyanobacteria, the genomes of which have been sequenced.42 43
7. Acknowledgements
This study started with the funding by a grant from the Maj and Tor Nessling Foundation 
at the Department of Molecular Genetics and Cell Biology, The University of Chicago. The 
major part of this work was done at the Division of Microbiology, Department of Applied 
Chemistry and Microbiology, University of Helsinki and was funded by the University 
of Helsinki Research Center of Excellence and the grants to Kaarina Sivonen from the 
Academy of Finland (Microbial resourses CoE -53305, 40978 and 46812) and from the 
European  Union  (CYANOTOX  -  ENV4-CT98-0892,  TOPIC  -  FMRX-CT98-0246  and 
PEPCY - QLK4-CT-2002-02634). So, a great deal of my gratitude goes to my supervisor, 
the leader of the Cyano Group, Academy Professor Kaarina Sivonen. I am also very grateful 
to the head of our Division, Prof. Mirja Salkinoja-Salonen, especially about her strong 
involvement, support and advices during the writing of this thesis.
I want to thank warmly Prof. Eva-Mari Aro and Priv.-Doz. Dr. Hans von Döhren for 
reviewing this thesis and for their suggestions to improve it.
All the co-authors are cordially thanked for their contributions to the papers. Especially 
I am very grateful to Professor Robert Haselkorn that he let me work in his inspiring lab 
and for his help with the articles I, III and IV. William Buikema is greatly acknowledged 
for his collaboration for the articles I, III and IV. Brett Neilan is kindly thanked for his co-
operation and being the first author for the paper II. Elke Dittmann, Amanda Bass, Verena 
Materna (former Schaub) and Professor Thomas Börner are warmly acknowledged for their 
collaboration for the paper II. Lars Paulin, Sini Suomalainen and Heidi Hyytiäinen are 
warmly acknowledged for their co-operation for the article III, Tanja Vakkilainen and Berit 
Lumbye Siemer for the article IV.
Many very warm thanks I want address to my colleagues in our group for their help and 
presence so providing a delightful atmosphere: Anne, Anu, Christina, Eija, Ilona, Jaana V, 
Kaisa H, Kaisa R, Kati, Katrianna, Kerttu, Leila, Ludmila, Pirjo, and (the few guys) David, 
Jouni, and Matti. Special thanks to Jouni for drawing the peptide structures My cordial 
thanks go also to the former Cyano members of these fast gone years, especially to Tanja, 
who was my co-worker for some years, Jaana L, Maria, Muriel, Sari, Riitta, Jarkko and Vesa 
and the “external member” Kirsti Lahti.
Also, I thank warmly my present and former colleagues, members of the technical and 
secretarial personnel at the Division of Microbiology for their help and for providing a nice 
environment: Hannele, Leenat, Leone, Kari, Outi, Pauliina, Pekka, Justus, Shea, Taina, 
Zewdu, just to mention a few. Particularly Seppo Kaijalainen deserves many thanks for his 
advices, comments and jokes during the past years.
After all, the life outside the lab is also important and I want to thank my friends for good 
times in the “real world”. For the same reason, I am very grateful for my sisters and my 
brother as well as the family of my wife for those moments, although rather rare ones, we 
have spent together in these last years. 
Most  of  the  gratitude  I  owe,  however,  to  my  wife  Kaarina,  who  introduced  me  to 
cyanobacteria and has stayed beside me in the work and at home for so many years.44 45
8. References 
Akers, H.A., Lee, S.G., and Lipmann, F. (1977) Identification of two enzymes responsible 
for the synthesis of the initial portion of linear gramicidin. Biochemistry 16: 5722-5729.
Asayama, M., Kabasawa, M., Takahashi, I., Aida, T., and Shirai, M. (1996) Highly 
repetitive sequences and characteristics of genomic DNA in unicellular cyanobacterial 
strains. FEMS Microbiol Lett 137: 175-181.
Banker, R., and Carmeli, S. (1999) Inhibitors of serine proteases from a waterbloom of the 
cyanobacterium Microcystis sp. Tetrahedron 55: 10835-10844. 
Barker, G.L.A., Hayes, P.K., O’Mahony, S.L., Vacharapiyasophon, P., and Walsby, 
A.E. (1999) A molecular and phenotypic analysis of Nodularia (Cyanobacteria) from the 
Baltic Sea. J Phycol 35: 931-937.
Bauer,  C.,  Scappino,  L.,  and  Haselkorn,  R.  (1993)  Growth  of  the  cyanobacterium 
Anabaena on molecular nitrogen: NifJ is required when iron is limited. Proc Natl Acad 
Sci USA 90: 8812-8816.
Becker, J.E., Moore, R.E., and Moore, B.S, (2004) Cloning, sequencing, and biochemical 
characterization of the nostocyclopeptide biosynthetic gene cluster: molecular basis for 
imine macrocyclization. Gene 325: 35-42.
Belshaw, P.J., Walsh, C.T., and Stachelhaus, T. (1999) Aminoacyl-CoAs as probes of 
condensation domain selectivity in nonribosomal peptide synthesis. Science 284: 486-
489.
Berg, T.L., Frøholm, L.O., and Laland, S.G. (1965) The biosynthesis of gramicidin S in 
a cell free system. Biochem J 96: 43-47. 
Blom,  J.F.,  Bister,  B.,  Bischoff,  D.,  Nicholson,  G.,  Jung,  G.,  Süssmuth,  R.D.,  and 
Jüttner, F. (2003) Oscillapeptin J, a new grazer toxin of the freshwater cyanobacterium 
Planktothrix rubescens. J Nat Prod 66: 431-434.
Bonjouklian,  R.,  Smitka,  T.A.,  Hunt, A.H.,  Occolowitz,  J.L.,  Perun,  T.J.,  Doolin, 
L., Stevenson, S., Knauss, L., Wijayaratne, R., Szewczyk, S., and Patterson, G.M. 
(1996) A90720A, a serine protease inhibitor isolated from a terrestrial blue-green alga 
Microchaete loktakensis. Tetrahedron 52: 395-404. 
Burja, A.M., Banaigs, B., Abou-Mansour, E., Burgess, J. G., and Wright P.C. (2001) 
Marine cyanobacteria – a prolific source of natural products. Tetrahedron 57: 9347-9377.
Castenholz,  R.W.  (2001a)  Oxygenic  photosynthetic  bacteria.  In  Bergey’s  Manual  of 
Systematic Bacteriology, 2nd edn, vol. 1, pp. 473-474. Edited by D.R. Boone and R.W. 
Castenholz. New York: Springer-Verlag.
Castenholz, R.W., Rippka, R., Herdman, M., and Wilmotte, A. (2001b) Form-genus 
X. Planktothrix. In Bergey’s Manual of Systematic Bacteriology, 2nd edn, vol. 1, p. 553. 
Edited by D.R. Boone and W. Castenholz. New York: Springer-Verlag.
Challis, G.L., Ravel, J., and Townsend, C.A. (2000) Predictive, structure-based model of 
amino acid recognition by nonribosomal peptide synthetase adenylation domains. Chem 
Biol 7: 211-224.
Chang, Z., Flatt, P., Gerwick, W.H., Nguyen, V.-A., Willis, C.L., and Sherman, D.H. 
(2002) The barbamide biosynthetic gene cluster: a novel marine cyanobacterial system 
of mixed polyketide synthase (PKS)-non-ribosomal peptide synthetase (NRPS) origin 44 45
involving an unusual trichloroleucyl starter unit. Gene 296: 235–247. 
Christiansen, G., Dittmann, E., Ordorika, L.V., Rippka, R., Herdman, M., and Börner, 
T. (2001) Nonribosomal peptide synthetase genes occur in most cyanobacterial genera as 
evidenced by their distribution in axenic strains of the PCC. Arch Microbiol 176: 452-
458. 
Christiansen,  G.,  Fastner,  J.,  Erhard,  M.,  Börner,  T.,  and  Dittmann,  E.  (2003) 
Microcystin biosynthesis in Planktothrix: genes, evolution, and manipulation. J Bacteriol 
185: 564–572.
Conti, E., Stachelhaus, T., Marahiel, M.A., and Brick, P. (1997) Structural basis for the 
activation of phenylalanine in the non-ribosomal biosynthesis of gramicidin S. EMBO J 
16: 4174-4183.
Dairi, T., Nakano, T., Aisaka, K., Katsumata, R., and Hasegawa, M. (1995) Cloning 
and nucleotide sequence of the gene responsible for chlorination of tetracycline. Biosci 
Biotechnol Biochem 59: 1099-1106.
DeMott, W.R., and Moxter, F. (1991) Foraging on cyanobacteria by copepods - responses 
to chemical defenses and resource abundance. Ecology 72: 1820-1834.
Dieckmann, R., Lee, Y.O., van Liempt, H., von Döhren, H., and Kleinkauf, H. (1995) 
Expression of an active adenylate-forming domain of peptide synthetases corresponding 
to acyl-CoA-synthetases. FEBS Lett 357: 212-216. 
Dittmann,  E.,  Neilan,  B.A.,  Erhard,  M.,  von  Döhren,  H.,  and  Börner,  T.  (1997) 
Insertional mutagenesis of a peptide synthetase gene that is responsible for hepatotoxin 
production in the cyanobacterium Microcystis aeruginosa PCC7806. Mol Microbiol 26: 
779-787.
Dittmann, E., Erhard, M., Kaebernick, M., Scheler, C., Neilan, B.A., von Döhren, H., 
and Börner, T. (2001) Altered expression of two light-dependent genes in a microcystin-
lacking mutant of Microcystis aeruginosa PCC 7806. Microbiology 147: 3113-3119.
Du, L., Sánchez, C., Chen, M., Edwards, D.J., and Shen, B. (2000) The biosynthetic 
gene cluster for the antitumor drug bleomycin from Streptomyces verticillus ATCC15003 
supporting  functional  interactions  between  nonribosomal  peptide  synthesis  and  a 
polyketide synthase. Chem Biol 7: 623-642.
Du, L., Sánchez, C., and Shen, B. (2001) Hybrid peptide-polyketide natural products: 
biosynthesis and prospects toward engineering novel molecules. Metab Eng 3: 78-95.
Ehmann, D.E., Trauger, J.W., Stachelhaus, T., and Walsh, C.T. (2000) Aminoacyl-
SNACs  as  small-molecule  substrates  for  the  condensation  domains  of  nonribosomal 
peptide synthetases. Chem Biol 7: 765-772.
Emmert, E.A.B., Klimowicz, A.K., Thomas, M.G., and Handelsman, J. (2004) Genetics 
of Zwittermicin A production by Bacillus cereus. Appl Environ Microbiol 70: 104-113.
Eppelmann,  K.,  Stachelhaus,  T.,  and  Marahiel,  M.A.  (2002)  Exploitation  of  the 
selectivity-conferring code of nonribosomal peptide synthetases for the rational design of 
novel peptide antibiotics. Biochemistry 41: 9718-9726.
Erhard, M., von Döhren, H., and Jungblut, P.R. (1999) Rapid identification of the new 
anabaenopeptin  G  from  Planktothrix  agardhii  HUB  011  using  matrix-assisted  laser 
desorption/ ionization time-of-flight mass spectrometry. Rapid Commun Mass Spectrom 
13: 337–343. 46 47
Fastner,  J.,  Erhard,  M.,  and  von  Döhren  H.  (2001)  Determination  of  oligopeptide 
diversity within a natural population of Microcystis spp. (cyanobacteria) by typing single 
colonies by matrix-assisted laser desorption ionization-time of flight mass spectrometry. 
Appl Environ Microbiol 67: 5069-5076.
Fujii, K., Harada, K., Suzuki, M., Kondo, F., Ikai, Y., Oka, H., Carmichael, W. W., 
and Sivonen K. (1996) Occurrence of novel cyclic peptides together with microcystins 
from toxic cyanobacteria, Anabaena species. In Harmful and Toxic Algal Blooms, pp. 
559-562. Edited by T. Yasumoto, Y. Oshima, and Y. Fukuyo. Paris: Intergovernmental 
Oceanographic Commission of UNESCO. 
Fujii,  K.,  Sivonen,  K., Adachi,  K.,  Noguchi,  K.,  Sano,  H.,  Hirayama,  K.,  Suzuki, 
M., and Harada, K. (1997) Comparative study of toxic and non-toxic cyanobacterial 
products: Novel peptides from toxic Nodularia spumigena AV1. Tetrahedron Lett 38: 
5525-5528.
Fujii, K., Sivonen, K., Naganawa, E., and Harada, K. (2000) Non-toxic peptides from 
toxic cyanobacteria, Oscillatoria agardhii. Tetrahedron 56: 725-733.
Fujii, K., Sivonen, K., Nakano, T., and Harada, K. (2002) Structural elucidation of 
cyanobacterial  peptides  encoded  by  peptide  synthetase  gene  in  Anabaena  species. 
Tetrahedron 58: 6863-6871. 
Gehring,  A.M.,  Bradley,  K.A.,  and  Walsh,  C.T.  (1997)  Enterobactin  biosynthesis 
in  Escherichia  coli:  Isochorismate  lyase  (EntB)  is  a  bifunctional  enzyme  that  is 
phosphopantetheinylated  by  EntD  and  then  acylated  by  EntE  using  ATP  and  2,3-
dihydroxybenzoate. Biochemistry 36: 8495-8503.
Gehring, A.M., DeMoll, E., Fetherston, J.D., Mori, I., Mayhew, G.F., Blattner, F.R., 
Walsh,  C.T.,  and  Perry,  R.D.  (1998)  Iron  acquisition  in  plague:  modular  logic  in 
enzymatic biogenesis of yersiniabactin by Yersinia pestis. Chem Biol 5: 573-586.
Gevers, W., Kleinkauf, H., and Lipmann, F. (1968) The activation of amino acids for 
biosynthesis of gramicidin S. Proc Natl Acad Sci USA 60: 269-276. 
Gevers, W., Kleinkauf, H., and Lipmann, F. (1969) Peptidyl transfers in gramicidin S 
bisoynthesis from enzyme-bound thioester intermediates. Proc Natl Acad Sci USA 63: 
1335-1342.
Giovannoni, S.J., Turner, S., Olsen, G.J., Barns, S., Lane, D.J., and Pace, N.R. (1988) 
Evolutionary relationships among cyanobacteria and green chloroplasts. J Bacteriol 170: 
3584-3592.
Guenzi, E., Galli, G., Grgurina, I., Gross, D.C., and Grandi, G. (1998) Characterization 
of the syringomycin synthetase gene cluster - A link between prokaryotic and eukaryotic 
peptide synthetases. J Biol Chem 273: 32857-32863.
Gugger, M., Lyra, C., Henriksen, P., Coute, A., Humbert, J.F., and Sivonen, K. (2002) 
Phylogenetic comparison of the cyanobacterial genera Anabaena and Aphanizomenon. Int 
J Syst Evol Microbiol 52: 1867-1880.
Harada,  K.,  Mayumi,  T.,  Shimada,  T.,  Suzuki,  M.,  Kondo,  F.,  and  Watanabe, 
M.F. (1993) Occurrence of four depsipeptides, together with microcystins from toxic 
cyanobacteria. Tetrahedron Lett 34: 6091-6094.
Harada, K., Fujii, K., Shimada, T., Suzuki, M., Sano, H., Adachi, K., and Carmichael, W.W. 
(1995) Two cyclic peptides, anabaenopeptins, a third group of bioactive compounds from the 
cyanobacterium Anabaena flos-aquae NRC 525-17. Tetrahedron Lett 36: 1511-1514.46 47
Harada, K., Mayumi, T., Shimada, T., Fujii, K., Kondo, F., Park, H., and Watanabe, 
M.F. (2001) Co-production of microcystins and aeruginopeptins by natural cyanobacterial 
bloom. Environ Toxicol 16: 298-305.
Harrigan,  G.G.,  Luesch,  H.,  Yoshida,  W.Y.,  Moore,  R.E.,  Nagle,  D.G.,  and  Paul, 
V.J. (1999) Symplostatin 2: a dolastatin 13 analogue from the marine cyanobacterium 
Symploca hydnoides. J Nat Prod 62: 655-658.
Herdman, M., Castenholz, R. W., Iteman I., and Rippka, R. (2001) Form-genus X. 
Microcystis. In Bergey’s Manual of Systematic Bacteriology, 2nd edn, vol. 1, pp. 505-506. 
Edited by D. R. Boone and R. W. Castenholz. New York: Springer-Verlag.
Hisbergues, M., Christiansen, G., Rouhiainen, L., Sivonen, K., and Börner, T. (2003) 
PCR-based identification of microcystin-producing genotypes of different cyanobacterial 
genera. Arch Microbiol 180: 402-410.
Hoffmann, D., Hevel, J.M., Moore, R.E., and Moore, B.S. (2003) Sequence analysis 
and biochemical characterization of the nostopeptolide A biosynthetic gene cluster from 
Nostoc sp. GSV224. Gene 311: 171–180.
Honkanen, R.E., Zwiller, J., Moore, R.E., Daily, S.L., Khatra, B.S., Dukelow, M., and 
Boynton, A.L. (1990) Characterization of microcystin-LR, a potent inhibitor of type 1 
and type 2A protein phosphatases. J Biol Chem 265: 19401-19404.
Honkanen, R.E., Dukelow, M., Zwiller, J., Moore R.E., Khatra, B.S., and Boynton 
A.L. (1991) Cyanobacterial nodularin is a potent inhibitor of type 1 and type 2A protein 
phosphatases. Mol Pharmacol 40: 577-583. 
Hopwood,  D.A.  (1997).  Genetic  contributions  to  understanding  polyketide  synthases. 
Chem Rev 97: 2465-2497.
Hori, K., Yamamoto, Y., Minetoki, T., Kurotsu, T., Kanda, M., Miura, S., Okamura, 
K., Furuyama, J., and Saito, Y. (1989) Molecular cloning and nucleotide sequence of the 
gramicidin S synthetase 1 gene. J Biochem 106: 639-645.
Humble, A.V., Gadd, G.M., and Codd, G.A. (1997) Binding of copper and zinc to three 
cyanobacterial microcystins quantified by differential pulse polarography. Water Res 31: 
1679-1686.
Ishida, K., Murakami, M., Matsuda, H., and Yamaguchi, K. (1995) Micropeptin 90, a 
plasmin and trypsin inhibitor from the blue-green alga Microcystis aeruginosa (NIES-90). 
Tetrahedron Lett 36: 3535-3538.
Ishida,  K.,  Matsuda,  H.,  Murakami,  M.,  and  Yamaguchi,  K.  (1996)  The  absolute 
stereochemistry of micropeptin 90. Tetrahedron Lett 37: 9225-9226. 
Ishida, K., Matsuda, H., Murakami, M., and Yamaguchi, K. (1997a) Micropeptins 478-
A and -B, plasmin inhibitors from the cyanobacterium Microcystis aeruginosa. J Nat Prod 
60: 184-187. 
Ishida,  K.,  Matsuda,  H.,  Murakami  M.,  and  Yamaguchi,  K.  (1997b)  Microginins 
299-A and -B, leucine aminopeptidase inhibitors from the cyanobacterium Microcystis 
aeruginosa (NIES-299). Tetrahedron 53: 10281-10288.
Ishida,  K.,  Matsuda,  H.,  and  Murakami,  M.  (1998a)  Micropeptins  88-A  to  88-F, 
chymotrypsin  inhibitors  from  the  cyanobacterium  Microcystis  aeruginosa  (NIES-88). 
Tetrahedron 54: 5545-5556. 
Ishida, K., Matsuda, H., and Murakami, M. (1998b) Four new microginins, linear peptides 
from the cyanobacterium Microcystis aeruginosa. Tetrahedron 54: 13475-13484. 48 49
Ishida, K., Okita, Y., Matsuda, H., Okino, T., and Murakami, M. (1999) Aeruginosins, 
protease inhibitors from the cyanobacterium Microcystis aeruginosa. Tetrahedron 55: 
10971-10988.
Ishida,  K.,  Kato,  T.,  Murakami,  M.,  Watanabe,  M.,  and  Watanabe,  M.F.  (2000) 
Microginins,  zinc  metalloproteases  inhibitors  from  the  cyanobacterium  Microcystis 
aeruginosa. Tetrahedron 56: 8643-8656. 
Ishida, K., Matsuda, H., Okita, Y., and Murakami, M. (2002) Aeruginoguanidines 98-
A-98-C: cytotoxic unusual peptides from the cyanobacterium Microcystis aeruginosa. 
Tetrahedron 58: 7645-7652.
Ishitsuka, M.O., Kusumi, T., Kakisawa, H., Kaya, K., and Watanabe, M.M. (1990) 
Microviridin. A novel tricyclic depsipeptide from the toxic cyanobacterium Microcystis 
viridis. J Am Chem Soc 112: 8180-8182. 
Itou, Y., Ishida, K., Shin, H.J., and Murakami, M. (1999a) Oscillapeptins A to F, serine 
protease inhibitors from the three strains of Oscillatoria agardhii. Tetrahedron 55: 6871-
6882. 
Itou, Y., Suzuki, S., Ishida, K., and Murakami, M. (1999b) Anabaenopeptins G and 
H, potent carboxypeptidase A inhibitors from the cyanobacterium Oscillatoria agardhii 
(NIES-595). Bioorg Med Chem Lett 9: 1243-1246.
Jakobi,  C.,  Oberer,  L.,  Quiquerez,  C.,  König,  W.A.,  and  Weckesser,  J.  (1995) 
Cyanopeptolin S a sulphate-containing depsipeptide from a water bloom of Microcystis 
sp. FEMS Microbiol Lett 129: 129-134. 
Jakobi, C., Rinehart, K.L., Neuber, R., Mez, K., and Weckesser, J. (1996) Cyanopeptolin 
SS, a disulphated depsipeptide from a water bloom: structural elucidation and biological 
activities. Phycologia 35: 111-116.
Jüttner, F., Todorova, A.K., Walch, N., and von Philipsborn, W. (2001) Nostocyclamide 
M:  a  cyanobacterial  cyclic  peptide  with  allelopathic  activity  from  Nostoc  31. 
Phytochemistry 57: 613-619.
Kaebernick,  M.,  Neilan,  B.A.,  Börner,  T.,  and  Dittmann,  E.  (2000)  Light  and  the 
transcriptional  response  of  the  microcystin  biosynthesis  gene  cluster.  Appl  Environ 
Microbiol 66: 3387–3392.
Kaebernick, M., Rohrlack, T., Christoffersen, K., Neilan, B.A. (2001) A spontaneous 
mutant  of  microcystin  biosynthesis:  genetic  characterization  and  effect  on  Daphnia. 
Environ Microbiol 3: 669-679.
Kaya, K., Sano, T., Beattie, K.A., and Codd, G.A. (1996) Nostocyclin, a novel 3-amino-
6-hydroxy-2-piperidone-containing cyclic depsipeptide from the cyanobacterium Nostoc 
sp. Tetrahedron Lett 37: 6725-6728. 
Kessler, N., Schuhmann, H., Morneweg, S., Linne, U., and Marahiel, M.A. (2004) The 
linear  pentadecapeptide  gramicidin  is  assembled  by  four  multimodular  nonribosomal 
peptide synthetases that comprise 16 modules with 56 catalytic domains. J Biol Chem 
279: 7413-7419.
Kirner, S., Hammer, P.E., Hill, D.S., Altmann, A., Fischer, I., Weislo, L.J., Lanahan, M., 
van Pee, K.-H., and Ligon, J.M. (1998) Functions encoded by pyrrolnitrin biosynthesis 
genes from Pseudomonas fluorescens. J Bacteriol 180: 1939-1943.
Kleinkauf, H., Gevers, W., and Lipmann, F. (1969) Interrelation between activation and 
polymerization in gramicidin S biosynthesis. Proc Natl Acad Sci USA 62: 226-233.48 49
Kleinkauf, H., Gevers, W., Roskoski, R.Jr., and Lipmann, F. (1970) Enzyme-bound 
pantetheine in tyrocidine biosynthesis. Biochem Biophys Res Commun 41: 1218-1222.
Kleinkauf, H., and von Döhren, H. (1996) A nonribosomal system of peptide biosynthesis. 
Eur J Biochem 236: 335-351.
Kodani,  S.,  Ishida,  K.,  and  Murakami,  M.  (1998)  Aeruginosin  103-A,  a  thrombin 
inhibitor from the cyanobacterium Microcystis viridis. J Nat Prod 61: 1046-1048. 
Kodani, S., Suzuki, S., Ishida, K., and Murakami, M. (1999) Five new cyanobacterial 
peptides from water bloom materials of lake Teganuma (Japan). FEMS Microbiol Lett 
178: 343-348.
Kohli, R.M., Trauger, J.W., Schwarzer, D., Marahiel, M.A., and Walsh C.T. (2001) 
Generality  of  peptide  cyclization  catalyzed  by  isolated  thioesterase  domains  of 
nonribosomal peptide synthetases. Biochemistry 40: 7099-108. 
Krätzschmar, J., Krause, M., and Marahiel, M.A. (1989) Gramicidin S biosynthesis 
operon containing the structural genes grsA and grsB has an open reading frame encoding 
a protein homologous to fatty acid thioesterases. J Bacteriol 171: 5422-5429.
Kurahashi, K. (1974) Biosynthesis of small peptides. Ann Rev Biochem 43: 445-459.
Kurmayer,  R.,  and  Kutzenberger,  T  .  (2003)  Application  of  real-time  PCR  for 
quantification  of  microcystin  genotypes  in  a  population  of  the  toxic  cyanobacterium 
Microcystis sp. Appl Environ Microbiol 69: 6723-6730.
Laamanen, M.J., Gugger, M.F., Lehtimäki, J.M., Haukka, K., and Sivonen, K. (2001) 
Diversity of toxic and nontoxic Nodularia isolates (cyanobacteria) and filaments from the 
Baltic Sea. Appl Environ Microbiol 67: 4638-4647.
Lachance,  M.A.  (1981)  Genetic  relatedness  of  heterocystous  cyanobacteria  by 
deoxyribonucleic acid-deoxyribonucleic acid reassociation. Int J Syst Bacteriol 31: 139-
147.
Lambalot,  R.H.,  Gehring,  A.M.,  Flugel,  R.S.,  Zuber,  P.,  LaCelle,  M.,  Marahiel, 
M.A., Reid, R., Khosla, C., and Walsh, C.T. (1996) A new enzyme superfamily – the 
phosphopantetheinyl transferases. Chem Biol 3: 923-936. 
Lawen, A., and Traber, R. (1993) Substrate specificities of cyclosporin synthetase and 
peptolide SDZ 214-103 synthetase. Comparison of the substrate specificities of the related 
multifunctional polypeptides. J Biol Chem 268: 20452-20465. 
Lawton,  L.A.,  Morris,  L.A.,  and  Jaspars,  M.  (1999) A  bioactive  modified  peptide, 
aeruginosamide, isolated from the cyanobacterium Microcystis aeruginosa. J Org Chem 
64: 5329-5332.
Lee,  S.G.,  and  Lipmann,  F.  (1974)  Isolation  of  a  peptidyl-pantetheine-protein  from 
tyrocidine-synthesizing polyenzymes. Proc Natl Acad Sci USA 71: 607-611. 
Lee, A.Y., Smitka, T.A., Bonjouklian, R., and Clardy, J. (1994) Atomic structure of the 
trypsin-A90720A complex: a unified approach to structure and function. Chem Biol 1: 
113-117. 
Lehtimäki, J., Lyra, C., Suomalainen, S., Sundman, P., Rouhiainen, L., Paulin, L., 
Salkinoja-Salonen, M., and Sivonen, K. (2000) Characterization of Nodularia strains, 
cyanobacteria from brackish waters, by genotypic and phenotypic methods. Int J Syst Evol 
Microbiol 50: 1043-1053.
Lipmann, F. (1954) On the mechanism of some ATP-linked reactions and certain aspects 50 51
of protein synthesis. In The Mechanism of Enzyme Action, pp. 599-604. Edited by W.D. 
McElroy and B. Glass. Baltimore: John Hopkins University Press. 
Lipmann, F. (1971) Attempts to map a process evolution of peptide biosynthesis. Science 
173: 875-84.
Lipmann, F. (1980) Bacterial production of antibiotic polypeptides by thiol-linked synthesis 
on protein templates. Adv Microbiol Physiol 21: 227-266.
Lyra, C., Hantula, J., Vainio, E., Rapala, J., Rouhiainen, L., and Sivonen, K. (1997) 
Characterization of cyanobacteria by SDS-PAGE of whole-cell proteins and PCR/RFLP 
of the 16S rRNA gene. Arch Microbiol 168: 176-184.
Lyra,  C.,  Suomalainen,  S.,  Gugger,  M.,  Vezie,  C.,  Sundman,  P.,  Paulin,  L.,  and 
Sivonen, K. (2001) Molecular characterization of planktic cyanobacteria of Anabaena, 
Aphanizomenon, Microcystis and Planktothrix genera. Int J Syst Evol Microbiol 51: 513-
526.
MacKintosh,  C.,  Beattie,  K.A.,  Klumpp,  S.,  Cohen,  P.,  and  Codd,  G.  A.  (1990) 
Cyanobacterial microcystin-LR is a potent and specific inhibitor of protein phosphatase 1 
and 2A from bothmammals and higher plants. FEBS Lett 264: 187-192.
Marahiel, M.A., Stachelhaus, T., and Mootz, H.D. (1997) Modular peptide synthetases 
involved in nonribosomal peptide synthesis. Chem Rev 97: 2651-2673.
Martin, C., Oberer, L., Ino, T., König, W.A., Busch, M., and Weckesser, J. (1993) 
Cyanopeptolins, new depsipeptides from the cyanobacterium Microcystis sp. PCC 7806. 
J Antibiot 46: 1550-1556.
Matern, U., Oberer, L., Falchetto, R.A., Erhard, M., König, W.A., Herdman, M., and 
Weckesser, J. (2001) Scyptolin A and B, cyclic depsipeptides from axenic cultures of 
Scytonema hofmanni PCC 7110. Phytochemistry 58: 1087-1095.
Matern,  U.,  Oberer,  L.,  Erhard,  M.,  Herdman,  M.,  and  Weckesser,  J.  (2003a) 
Hofmannolin, a cyanopeptolin from Scytonema hofmanni PCC 7110. Phytochemistry 64: 
1061-1067.
Matern, U., Schleberger, C., Jelakovic, S., Weckesser, J., and Schulz, G.E. (2003b) 
Binding structure of elastase inhibitor scyptolin A. Chem Biol 10: 997-1001. 
Matsuda, H., Okino, T., Murakami, M., and Yamaguchi, K. (1996) Aeruginosins 102-A 
and B, new thrombin inhibitors from the cyanobacterium Microcystis viridis (NIES-102). 
Tetrahedron 52: 14501-14506. 
Mazel, D., Houmard, J., Castets, A.M., and Tandeau de Marsac, N. (1990) Highly 
repetitive DNA-sequences in cyanobacterial genomes. J Bacteriol 172 : 2755-2761.
Meissner, K., Dittmann, E., and Börner, T. (1996) Toxic and non-toxic strains of the 
cyanobacterium  Microcystis  aeruginosa  contain  sequences  homologous  to  peptide 
synthetase genes. FEMS Microbiol Lett 135: 295-303.
Mittenhuber, G., Weckermann, R., and Marahiel, M.A. (1989) Gene cluster containing 
the genes for tyrocidine synthetases 1 and 2 from Bacillus brevis: evidence for an operon. 
J Bacteriol 171: 4881-4887. 
Molnar, I., Aparicio, J.F., Haydock, S.F., Khaw, L.E., Schwecke, T., König, A., Staunton, 
J., and Leadlay, P.F. (1996) Organisation of the biosynthetic gene cluster for rapamycin 
in Streptomyces hygroscopicus: analysis of genes flanking the polyketide synthase. Gene 
169: 1-7.50 51
Molnar,  I.,  Schupp, T.,  Ono,  M.,  Zirkle,  R.E.,  Milnamow,  M.,  Nowak-Thompson, 
B., Engel, N., Toupet, C., Stratmann, A., Cyr, D.D., Gorlach, J., Mayo, J.M., Hu, 
A., Goff, S., Schmid, J., and Ligon, J.M. (2000) The biosynthetic gene cluster for the 
microtubule-stabilizing agents epothilones A and B from Sorangium cellulosum So ce90. 
Chem Biol 7: 97–109.
Mootz, H.D., Schwarzer, D., and Marahiel, M.A. (2000) Construction of hybrid peptide 
synthetases by module and domain fusions. Proc Natl Acad Sci USA 97: 5848-5853.
Mootz, H.D., Schwarzer, D., and Marahiel, M.A. (2002) Ways of assembling complex 
natural products on modular nonribosomal peptide synthetases. Chembiochem 3: 491-
504.
Moore, B.S., and Hopke, J.N. (2001) Discovery of a new bacterial polyketide biosynthetic 
pathway. Chembiochem 2: 35-38.
Moore, R.E. (1996) Cyclic peptides and depsipeptides from cyanobacteria: a review. J Ind 
Microbiol 16: 134-143.
Moore, R.E., Corbett, T.H., Patterson, G.M., and Valeriote, F.A. (1996) The search for 
new antitumor drugs from blue-green algae. Curr Pharm Des 2: 317-330.
Murakami,  M.,  Okita,  Y.,  Matsuda,  H.,  Okino,  T.,  and  Yamaguchi,  K.  (1994) 
Aeruginosin 298-A, a thrombin and trypsin inhibitor from the blue-green alga Microcystis 
aeruginosa (NIES-298). Tetrahedron Lett 35: 3129-3132.
Murakami, M., Ishida, K., Okino, T., Okita, Y., Matsuda, H., and Yamaguchi, K. 
(1995) Aeruginosins 98-A and B, trypsin inhibitors from the blue-green alga Microcystis 
aeruginosa (NIES-98). Tetrahedron Lett 36: 2785-2788. 
Murakami,  M.,  Kodani,  S.,  Ishida,  K.,  Matsuda,  H.,  and  Yamaguchi,  K.  (1997a) 
Micropeptin 103, a chymotrypsin inhibitor from the cyanobacterium Microcystis viridis 
(NIES-103). Tetrahedron Lett 38: 3035-3038. 
Murakami,  M.,  Shin,  H.J.,  Matsuda,  H.,  Ishida,  K.,  and  Yamaguchi,  K.  (1997b) 
A  cyclic  peptide,  anabaenopeptin  B,  from  the  cyanobacterium  Oscillatoria  agardhii. 
Phytochemistry 44: 449-452.
Murakami, M., Sun, Q., Ishida, K., Matsuda, H., Okino, T., and Yamaguchi, K. (1997c) 
Microviridins, elastase inhibitors from the cyanobacterium Nostoc minutum (NIES-26). 
Phytochemistry 45: 1197-1202.
Murakami,  M.,  Suzuki,  S.,  Itou,  Y.,  Kodani,  S.,  and  Ishida,  K.  (2000)  New 
anabaenopeptins,  potent  carboxypeptidase-A  inhibitors  from  the  cyanobacterium 
Aphanizomenon flos-aquae. J Nat Prod 63: 1280-1282.
Müller, R. (2004) Don’t classify polyketide synthases. Chem Biol 11: 4-6.
Namikoshi,  M.,  and  Rinehart,  K.L.  (1996)  Bioactive  combounds  produced  by 
cyanobacteria. J Ind Microbiol 17: 373-384.
Neilan, B.A. (1995) Identification and phylogenetic analysis of toxigenic cyanobacteria by 
multiplex randomly amplified polymorphic DNA PCR. Appl Environ Microbiol 61: 2286-
2291. 
Neilan, B.A., Jacobs, D., DelDot, T., Blackall, L.L., Hawkins, P.R., Cox, P.T., and 
Goodman A.E. (1997) rRNA sequences and evolutionary relationships among toxic and 
nontoxic cyanobacteria of the genus Microcystis. Int J Syst Bacteriol 47: 693-697.52 53
Neumann, U., Forchert, A., Flury, T., and Weckesser, J. (1997) Microginin FR1, a linear 
peptide from a water bloom of Microcystis species. FEMS Microbiol Lett 153: 475-478.
Nishizawa, T., Asayama, M., Fujii, K., Harada, K., and Shirai, M. (1999) Genetic analysis 
of the peptide synthetase genes for a cyclic heptapeptide microcystin in Microcystis spp. 
J Biochem 126: 520-529.
Nishizawa, T., Ueda, A., Asayama, M., Fujii, K., Harada, K., Ochi, K., and Shirai, M. 
(2000) Polyketide synthase gene coupled to the peptide synthetase module involved in the 
biosynthesis of the cyclic heptapeptide microcystin. J Biochem 127: 779-789.
Nogle, L.M., Williamson, R.T., and Gerwick, W.H. (2001) Somamides A and B, two 
new depsipeptide analogues of dolastatin 13 from a Fijian cyanobacterial assemblage of 
Lyngbya majuscula and Schizothrix species. J Nat Prod 64: 716-719. 
Nowak-Thompson, B., Chaney, N., Wing, J.S., Gould, S.J., and Loper, J.E. (1999) 
Characterization of the pyoluteorin biosynthetic gene cluster of Pseudomonas fluorescens 
PF-5. J Bacteriol 181: 2166-2174.
Okano, T., Sano, T., and Kaya, K. (1999) Micropeptin T-20, a novel phosphate-containing 
cyclic depsipeptide from the cyanobacterium Microcystis aeruginosa. Tetrahedron Lett 
40: 2379-2382 
Okino, T., Murakami, M., Haraguchi, R., Munekata, H., Matsuda, H., and Yamaguchi, 
K. (1993a) Micropeptins A and B, plasmin and trypsin inhibitors from the blue-green alga 
Microcystis aeruginosa. Tetrahedron Lett 34: 8131-8134.
Okino, T., Matsuda, H., Murakami, M., and Yamaguchi, K. (1993b) Microginin, an 
angiotensin-converting enzyme inhibitor from the blue-green alga Microcystis aeruginosa. 
Tetrahedron Lett 34: 501-504. 
Okino, T., Matsuda, H., Murakami, M., and Yamaguchi, K. (1995) New microviridins, 
elastase  inhibitors  from  the  blue-green  alga  Microcystis  aeruginosa.  Tetrahedron  51: 
10679-10686. 
Okino, T., Qi, S., Matsuda, H., Murakami, M., and Yamaguchi, K. (1997) Nostopeptins 
A and B, elastase inhibitors from the cyanobacterium Nostoc minutum. J Nat Prod 60: 
158-161. 
Orcutt,  K.M.,  Rasmussen,  U.,  Webb,  E.A.,  Waterbury,  J.B.,  Gundersen,  K.,  and 
Bergman, B. (2002) Characterization of Trichodesmium spp. by genetic techniques. Appl 
Environ Microbiol 68: 2236-2245.
Orr, P.T., and Jones, G.J. (1998) Relationship between microcystin production and cell 
division rates in nitrogen-limited Microcystis aeruginosa cultures. Limnol Oceanogr 43: 
1604-1614.
Pavela-Vrancic, M., van Liempt, H., Pfeifer, E., Freist, W., and von Döhren, H. (1994). 
Nucleotide binding by multienzyme peptide synthetases. Eur J Biochem 220: 535-42.
Pelzer, S., Sussmuth, R., Heckmann, D., Recktenwald, J., Huber, P., Jung, G., and 
Wohlleben,  W.  (1999)  Identification  and  analysis  of  the  balhimycin  biosynthetic 
gene cluster and its use for manipulating glycopeptide biosynthesis in Amycolatopsis 
mediterranei DSM5908. Antimicrob Agents Chemother 43: 1565-1573 
Pettit,  G.R.,  Kamano,  Y.,  Herald,  C.L.,  Dufresne,  C.,  Cerny,  R.L.,  Herald,  D.L., 
Schmidt, J.M., and Kizu, H. (1989) Isolation and structure of the cytostatic depsipeptide 
dolastatin 13 from the sea hare Dolabella auricularia. J Am Chem Soc 111: 5015 – 5017.52 53
Peypoux, F., Bonmatin, J.M., Labbe, H., Grangemard, I., Das, B.C., Ptak, M., Wallach, 
J., and Michel, G. (1994) [Ala4] surfactin, a novel isoform from Bacillus subtilis studied 
by mass and NMR spectroscopies. Eur J Biochem 224: 89-96. 
Ploutno, A., Shoshan, M., and Carmeli, S. (2002) Three novel protease inhibitors from a 
natural bloom of the cyanobacterium Microcystis aeruginosa. J Nat Prod 65: 973-978. 
Ploutno,  A.,  and  Carmeli,  S.  (2002)  Modified  peptides  from  a  water  bloom  of  the 
cyanobacterium Nostoc sp. Tetrahedron 58: 9949-9957. 
Quadri,  L.E.,  Sello,  J.,  Keating,  T.A.,  Weinreb,  P.H.,  and  Walsh,  C.T.  (1998) 
Identification of a Mycobacterium tuberculosis gene cluster encoding the biosynthetic 
enzymes for assembly of the virulence-conferring siderophore mycobactin. Chem Biol 5: 
631-45.
Radau, G., and Stürzebecher, J. (2002) Cyanopeptide analogues: new lead structures for 
the design and synthesis of new thrombin inhibitors. Pharmazie 57: 729-732.
Rantala, A., Fewer, D.P., Hisbergues, M., Rouhiainen, L., Vaitomaa, J., Börner, T., 
and Sivonen, K. (2004) Phylogenetic evidence for the early evolution of microcystin 
synthesis. Proc Natl Acad Sci USA 101: 568–573.
Rapala, J., Sivonen, K., Lyra, C., and Niemelä, S.I. (1997) Variation of microcystins, 
cyanobacterial hepatotoxins, in Anabaena spp. as a function of growth stimuli. Appl 
Environ Microbiol 63: 2206-2212.
Repka, S., Koivula, M., Harjunpää, V., Rouhiainen, L., and Sivonen, K. (2004) Effects 
of phosphate and light on growth and bioactive peptide production of a cyanobacterium, 
Anabaena strain 90 and its anabaenopeptilide-mutant. Appl Environ Microbiol 70: 4551-
4560.
Reshef,  V.,  and  Carmeli,  S.  (2001)  Protease  inhibitors  from  a  water  bloom  of  the 
cyanobacterium Microcystis aeruginosa. Tetrahedron 57: 2885-2894. 
Reshef, V., and Carmeli, S. (2002) Schizopeptin 791, a new anabaenopeptin-like cyclic 
peptide from the cyanobacterium Schizothrix sp. J Nat Prod 65: 1187-1189. 
Rippka,  R.,  Castenholz,  R.W.,  Iteman  I.,  and  Herdman,  M.  (2001)  Form-genus  I. 
Anabaena. In Bergey’s Manual of Systematic Bacteriology, 2nd edn, vol. 1, pp. 566-568. 
Edited by D.R. Boone, and R.W. Castenholz. New York: Springer-Verlag.
Rohrlack, T., Christoffersen, K., Hansen, P.E., Zhang., W., Czarnecki, O., Henning. 
M.,  Fastner,  J.,  Erhard,  M.,  Neilan,  B.A.,  and  Kaebernick,  M.  (2003)  Isolation, 
characterization, and quantitative analysis of microviridin J, a new Microcystis metabolite 
toxic to Daphnia. J Chem Ecol 29: 1757-1770. 
Ruttenberg,  M.A.,  and  Mach,  B.  (1966)  Studies  on  amino  acid  substitution  in  the 
biosynthesis of the antibiotic polypeptide tyrocidine. Biochemistry 5: 2864-2869. 
Sano,  T.,  and  Kaya,  K.  (1995)  Oscillamide  Y,  a  chymotrypsin  inhibitor  from  toxic 
Oscillatoria agardhii. Tetrahedron Lett 36: 5933-5936.
Sano, T., and Kaya, K. (1996) Oscillapeptin G, a tyrosinase inhibitor from toxic Oscillatoria 
agardhii. J Nat Prod 59: 90-92.
Sano, T., and Kaya, K. (1997) A 3-amino-10-chloro-2-hydroxydecanoic acid-containing 
tetrapeptide from Oscillatoria agardhii. Phytochemistry 44: 1503-1505. 
Sano, T., Usui, T., Ueda, K., Osada, H., and Kaya, K. (2001) Isolation of new protein 
phosphatase inhibitors from two cyanobacteria species, Planktothrix spp. J Nat Prod 64: 
1052-1055.54 55
Satish, N., Krugman, T., Vinogradova, O.N., Nevo, E., and Kashi, Y. (2001) Genome 
evolution of the cyanobacterium Nostoc linckia under sharp microclimatic divergence at 
“evolution Canyon.” Microb Ecol 42: 306-316. 
Schlumbohm, W., Stein, T., Ullrich, C., Vater, J., Krause, M., Marahiel, M.A., Kruft, 
V., and Wittmann-Liebold, B. (1991) An active serine is involved in covalent substrate 
amino acid binding at each reaction center of gramicidin S synthetase. J Biol Chem 266: 
23135-23141.
Schneider, A., and Marahiel, M.A. (1998) Genetic evidence for a role of thioesterase 
domains, integrated in or associated with peptide synthetases, in non-ribosomal peptide 
biosynthesis in Bacillus subtilis. Arch Microbiol 169: 404-410.
Shen, B. (2003) Polyketide biosynthesis beyond the type I, II and III polyketide synthase 
paradigms. Curr Opin Chem Biol 7: 285-295.
Shin,  H.J.,  Murakami,  M.,  Matsuda,  H.,  Ishida,  K.,  and  Yamaguchi,  K.  (1995) 
Oscillapeptin,  an  elastase  and  chymotrypsin  inhibitor  from  the  cyanobacterium 
Oscillatoria agardhii (NIES-204). Tetrahedron Lett 36: 5235-5238.
Shin, H.J., Murakami, M., Matsuda, H., and Yamaguchi, K. (1996) Microviridins D-
F, serine protease inhibitors from the cyanobacterium Oscillatoria agardhii (NIES-204). 
Tetrahedron 52: 8159-8168.
Shin, H.J., Matsuda, H., Murakami, M., and Yamaguchi, K. (1997a) Anabaenopeptins 
E and F, two new cyclic peptides from the cyanobacterium Oscillatoria agardhii (NIES-
204). J Nat Prod 60: 139-141. 
Shin, H.J., Matsuda, H., Murakami, M., and Yamaguchi, K. (1997b) Aeruginosins 205A 
and -B, serine protease inhibitory glycopeptides from the cyanobacterium Oscillatoria 
agardhii (NIES-205). J Org Chem 62: 1810-1813.
Silakowski, B., Schairer, H.U., Ehret, H., Kunze, B., Weinig, S., Nordsiek, G., Brandt, 
P., Blöcker, H., Höfle, G., Beyer, S., and Műller, R. (1999) New lessons for combinatorial 
biosynthesis from myxobacteria. The myxothiazol biosynthetic gene cluster of Stigmatella 
aurantiaca DW4/3-1. J Biol Chem 274: 37391-37399.
Silakowski, B., Nordsiek, G., Kunze, B., Blöcker, H., and Műller R. (2001) Novel 
features  in  a  combined  polyketide  synthase/non-ribosomal  peptide  synthetase:  the 
myxalamid biosynthetic gene cluster of the myxobacterium Stigmatella aurantiaca Sga 
15. Chem Biol 8: 59-69.
Simon, R.D. (1971) Cyanophycin granules from the blue-green alga Anabaena cylindrica: 
a reserve material consisting of copolymers of aspartic acid and arginine. Proc Natl Acad 
Sci USA 68: 265-267.
Simon,  R.D.  (1973) The  effect  of  chloramphenicol on  the  production  of  cyanophycin 
granule polypeptide in the blue-green-alga Anabaena cylindrica. Arch Microbiol 92: 115-
122.
Sivonen,  K.,  Niemelä,  S.I.,  Niemi,  R.M.,  Lepistö,  L.,  Luoma,  T.H.,  and  Räsänen, 
L.A. (1990) Toxic cyanobacteria (blue-green algae) in Finnish fresh and coastal waters. 
Hydrobiologia 190: 267–275.
Sivonen, K., Namikoshi, M., Evans, W.R., Carmichael, W.W., Sun, F., Rouhiainen, L., 
Luukkainen, R., and Rinehart, K.L. (1992) Isolation and characterization of a variety 
of microcystins from seven strains of the cyanobacterial genus, Anabaena. Appl Environ 
Microbiol 58: 2495-2500.54 55
Sivonen, K., and Jones, G. (1999) Cyanobacterial toxins. In Toxic Cyanobacteria in Water: 
A Guide to their Public Health Consequences, Monitoring and Management, pp. 41-111. 
Edited by I. Chorus, and J. Bertram. London: E. & F.N. Spon, 
Sivonen, K. (2000) Freshwater cyanobacterial neurotoxins: ecobiology, chemistry, and 
detection. In Seafood and freshwater toxins: pharmacology, physiology, and detection, 
pp.567-581. Edited by L.M. Botana. New York: Marcel Dekker, Inc.
Stachelhaus, T., and Marahiel, M.A. (1995) Modular structure of peptide synthetases 
revealed by dissection of the multifunctional enzyme GrsA. J Biol Chem 270: 6163-
6169.
Stachelhaus, T., Mootz, H.D., and Marahiel, M.A. (1999) The specificity-conferring code 
of adenylation domains in nonribosomal peptide synthetases. Chem Biol 6: 493-505. 
Stam, W.T., and Stulp, B.K. (1988) New taxonomic methods: DNA/DNA hybridization. 
Methods Enzymol 167: 125-132.
Stein, T., Vater, J., Kruft, V., Wittmann-Liebold, B., Franke, P., Panico, M., McDowell, 
R., and Morris, H.R. (1994) Detection of 4’-phosphopantetheine at the thioester binding 
site for L-valine of gramicidin S synthetase 2. FEBS Lett 340: 39-44. 
Stein, T., Vater, J., Kruft, V., Otto, A., WittmannLiebold, B., Franke, P., Panico, M., 
McDowell, R., and Morris, H.R. (1996) The multiple carrier model of nonribosomal 
peptide biosynthesis at modular multienzymatic templates. J Biol Chem 271: 15428-
15435.
Tang,  G.-L.,  Cheng,  Y.-Q.,  and  Shen,  B.  (2004)  Leinamycin  biosynthesis  revealing 
unprecedented architectural complexity for a hybrid polyketide synthase and nonribosomal 
peptide synthetase. Chem Biol 11: 33–45.
Tikkanen,  T.  (1986)  Cyanophyta-sinilevien  kaari.  In  Kasviplanktonopas,  pp.  44-64. 
Helsinki: Suomen Luonnonsuojelun Tuki Oy. 
Tillett, D., Dittmann, E., Erhard, M., von Döhren, H., Börner, T., and Neilan, B.A. 
(2000)  Structural  organization  of  microcystin  biosynthesis  in  Microcystis  aeruginosa 
PCC7806: an integrated peptide-polyketide synthetase system. Chem Biol 7: 753-764.
Tillett, D., Parker, D.L., and Neilan, B.A. (2001) Detection of toxigenicity by a probe 
for the microcystin synthetase A gene (mcyA) of the cyanobacterial genus Microcystis: 
comparison of toxicities with 16S rRNA and phycocyanin operon (phycocyanin intergenic 
spacer) phylogenies. Appl Environ Microbiol 67: 2810-2818.
Toledo, G., and Palenik, B. (1997). Synechococcus diversity in the California Current 
as seen by RNA polymerase (rpoC1) gene sequences of isolated strains. Appl Environ 
Microbiol 63: 4298-4303.
Tomino, S., Yamada, M., Itoh, H., and Kurahashi, K. (1967) Cell-free synthesis of 
gramicidin S. Biochemistry 6: 2552-2560.
Trauger,  J.W.,  Kohli,  R.M.,  Mootz  H.D.,  Marahiel,  M.A.,  and Walsh,  C.T.  (2000) 
Peptide cyclization catalyzed by the thioesterase domain of tyrocidine synthetase. Nature 
407: 215-218.
Tsukamoto, S., Painuly, P., Young, K.A., Yang, X., Shimizu, Y., and Cornell, L. (1993) 
Microcystilide A: a novel cell-differentation-promoting depsipeptide from Microcystis 
aeruginosa NO-15-1840. J Am Chem Soc 115: 11046-11047.
Turgay, K., Krause, M., and Marahiel, M.A. (1992) Four homologous domains in the 56 57
primary structure of GrsB are related to domains in a superfamily of adenylate-forming 
enzymes. Mol Microbiol 6: 529-546. 
Utkilen,  H.,  and  Gjølme,  N.  (1995)  Iron-stimulated  toxin  production  in  Microcystis 
aeruginosa. Appl Environ Microbiol 61: 797-800.
Vaitomaa,  J.,  Rantala, A.,  Halinen,  K.,  Rouhiainen,  L., Tallberg,  P.,  Mokelke,  L., 
and Sivonen, K. (2003) Quantitative real-time PCR for determination of microcystin 
synthetase  E  copy  numbers  for  Microcystis  and  Anabaena  in  lakes.  Appl  Environ 
Microbiol 69: 7289-7297.
van Pée, K.-H. (1996) Biosynthesis of halogenated metabolites by bacteria. Annu Rev 
Microbiol 50: 375-399.
van Pee, K.-H., and Unversucht, S. (2003) Biological dehalogenation and halogenation 
reactions. Chemosphere 52: 299- 312.
van Wageningen, A.M.A., Kirkpatrick, P.N., Williams, D.H., Harris, B.R., Kershaw, 
J.K., Lennard, N.J., Jones, M., Jones, S.J.M., and Solenberg, P.J. (1998) Sequencing 
and analysis of genes involved in the biosynthesis of a vancomycin group antibiotic. 
Chem Biol 5: 155-162. 
von Döhren, H., Keller, U., Vater, J., and Zocher, R. (1997) Multifunctional peptide 
synthetases. Chem Rev 97: 2675-2705.
Walsh, C.T., Gehring, A.M., Weinreb, P.H., Quadri, L.E., and Flugel, R.S. (1997) Post-
translational modification of polyketide and nonribosomal peptide synthases. Curr Opin 
Chem Biol 1: 309-315.
Walsh,  C.T.  (2004)  Polyketide  and  nonribosomal  peptide  antibiotics:  modularity  and 
versatility. Science 303: 1805-1810.
Weckermann, R., Furbass, R., and Marahiel, M.A. (1988) Complete nucleotide sequence 
of the tycA gene coding the tyrocidine synthetase 1 from Bacillus brevis. Nucleic Acids 
Res 16: 11841. 
Weckesser, J., Martin, C., and Jakobi, C. (1996) Cyanopeptolins, depsipeptides from 
cyanobacteria. System Appl Microbiol 19: 133-138.
Weinig, S., Hecht., H.-J., Mahmud, T., and Műller, R. (2003) Melithiazol biosynthesis: 
further insights into myxobacterial PKS/NRPS systems and evidence for a new subclass 
of methyl transferases. Chem Biol 10: 939-952.
Williams, D.E., Craig, M., Holmes, C.F.B, and Andersen, R.J. (1996) Ferintoic acids 
A  and  B,  new  cyclic  hexapeptides  from  the  freshwater  cyanobacterium  Microcystis 
aeruginosa. J Nat Prod 59: 570-575. 
Williams, P.G., Yoshida, W.Y., Moore, R.E., and Paul, V.J. (2003) Tasipeptins A and B: 
new cytotoxic depsipeptides from the marine cyanobacterium Symploca sp. J Nat Prod 
66: 620-624. 
Wilmotte, A.M.R., and Stam, W.T. (1984) Genetic-relationships among cyanobacterial 
strains originally designated as Anacystis-nidulans and some other Synechococcus strains. 
J Gen Microbiol 130: 2737-2740.
Yukioka, M., Tsukamoto, Y., Saito, Y., Tsuji, T., and Otani, S. (1965) Biosynthesis of 
gramicidin S by a cell-free system of Bacillus brevis. Biochem Biophys Res Commun 19: 
204-208. 56 57
Yoshizawa, S., Matsushima, R., Watanabe, M.F., Harada, K., Ichihara, A., Carmichael, 
W.W., and Fujiki, H. (1990) Inhibition of protein phosphatases by microcystins and 
nodularin associated with hepatotoxicity. J Cancer Res Clin Oncol 116: 609-614. 
Ziegler,  K.,  Diener, A.,  Herpin,  C.,  Richter,  R.,  Deutzmann,  R.,  and  Lockau,  W. 
(1998)  Molecular  characterization  of  cyanophycin  synthetase,  the  enzyme  catalyzing 
the biosynthesis of the cyanobacterial reserve material multi-L-arginyl-poly-L-aspartate 
(cyanophycin). Eur J Biochem 254: 154-159.